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Polymer matrix composite (PMC) has seen increased usage in the aerospace industry. PMC 
can be divided into carbon fiber reinforced plastic (CFRP) and carbon fiber reinforced 
thermoplastic (CFRTP). CFRP is more commonly used in the aerospace industry but has some 
limitations compared to CFRTP. However, CFRTP is still new in the space sector and there is 
limited in-orbit data on the performance of CFRTP in the space environment. In the future, CFRTP 
can be locally produced using a 3D printer in space. However, there is limited information on the 
space performance of 3D printed CFRTP especially in the design of a heat shield. Therefore, this 
research focuses on the performance of a type of CFRTP known as carbon fiber/polyether ether 
ketone (CF/PEEK) in space and reentry environment.  
The goal of this research is to study the thermal expansion behavior of CF/PEEK in LEO 
using a material exposure experiment termed material mission (MM) and to study the 
thermochemical performance of 3D printed CF/PEEK in reentry environment by evaluating the 
temperature response and recession resistance of 3D printed CF/PEEK ablator material. To achieve 
the research goals, the following studies have been performed: 
1. Development of an in-situ measurement experiment for measuring CTE of CF/PEEK 
samples in LEO.  
2. Evaluation of the temperature response and recession resistance of 3D printed 
CF/PEEK ablator material. 
The thesis outline is the following: 
• In Chapter 1, the general introduction, problem statement, research objectives, thesis 
outline and the contribution of this thesis are presented. 
• In Chapter 2, brief background information related to this thesis is presented. An 
overview of the molecular structure, properties and application of PEEK in spacecraft 
is presented. Different categories of the space environment around LEO and beyond 
are briefly presented. Effects of atomic oxygen, UV radiation and thermal cycle on the 
performance of PMC and polymers in space are further discussed. Selected previous 
material science missions utilizing small satellite platforms are presented. Structural 




• In Chapter 3, the in-situ measurement experiment for measuring CTE of CF/PEEK is 
described. The experiment is one of the payloads onboard the Ten-Koh satellite. This 
chapter presents the architecture, main components and the mission operation flow. 
The detailed procedure for ground tests to validate the MM system and to simulate 
LEO thermal cycle environment is presented. 
• In Chapter 4, a brief overview of the ablative heat shield is presented. Initially, the 
procedure for exposing 3D printed CF/PEEK to thermal cycle and UV radiation is 
presented. Subsequently, this chapter describes the setup of tensile tests and arc heating 
tests to evaluate the mechanical, thermal and recession properties of 3D printed 
CF/PEEK ablator samples.    
• In Chapter 5, in-depth ground tests and in-orbit results of MM are presented. The result 
of the ground test is divided into system validation tests and thermal cycle exposure 
tests. The in-orbit result included system performance and long term CTE 
measurement. A comparison between results from the ground test and in-orbit is 
presented. Discussions on issues related to the MM experiment and recommended 
future work and MM design improvements are also described.  
• In Chapter 6, the results of the tensile and arc heating test of 3D printed CF/PEEK are 
described. The effect of thermal cycle, UV radiation and different heat flux on tensile 
strength and Young’s modulus are described based on tensile test results. Temperature 
response and recession behavior after exposure to thermal cycle, UV radiation and 
varying heat flux are presented using arc heating test results. A comparison of the 
temperature response and recession behavior of the test samples with non-3D printed 
ablator materials is also presented.   
• In Chapter 7, the concluding remarks and recommended future work related to the 
present thesis work are presented. 
Analysis of the ground test data has shown the feasibility of the MM CTE measurement 
system. The CTE data exhibit a non-linear temperature dependence and varies between each 
sample. Strain gauge misalignment has been identified as the reason for the difference between 
each sample. A comparison of in-orbit data with ground tests revealed minor differences in CTE 
value over a range of temperatures. This was due to differences in the sample heating and cooling 




four months showed no shift in CTE values and is consistent with previous ground tests. The MM 
experiment has demonstrated the ability to fill in the gaps between available ground test and in-
orbit data regarding CF/PEEK dimensional stability performance in LEO. Moreover, MM proved 
the potential of a small satellite as a platform for conducting meaningful material science 
experiments.  
Subsequently, a new heat shield material made of 3D printed CF/PEEK was evaluated using 
tensile and arc heating test. The tensile test showed no significant change in tensile strength and 
Young’s modulus after exposure to thermal cycle and UV radiation. The arc heating test showed 
surface expansion for all samples because the surface expansion rate was more than the surface 
recession rate. The lower surface recession rate was due to the high activation energy for 3D 
CF/PEEK. Moreover, 3D CF/PEEK has the lowest mass loss rate compared to CFRP based 
ablators. However, the surface recession rate and mass loss rate were not significantly affected by 
the thermal cycle and UV radiation. Comparison of surface and in-depth temperature showed no 
significant difference after exposure to the thermal cycle and UV radiation. Overall, the 3D 
CF/PEEK material has demonstrated excellent recession resistance while maintaining mechanical 
properties when exposed to high temperature, thermal cycle and UV radiation. Consequently, 3D 






1.1 General Introduction 
Polymer matrix composite (PMC) has seen increased usage in the aerospace industry due to 
high specific strength, high stiffness and low coefficient of thermal expansion (CTE) [1]. PMC is 
made of reinforcing material such as carbon fiber with a matrix commonly divided into two types 
which are thermoset and thermoplastic. Thermoset are polymers formed by the crosslinking of 
molecules to form a network. Thermosetting polymers do not soften when heated. On the other 
hand, thermoplastic polymers can soften when heated and harden when cooled. This process can 
be repeated and is reversible [2]. PMC that uses thermoset polymers is hereafter defined as carbon 
fiber reinforced plastic (CFRP). PMC that have thermoplastic polymers are hereafter defined as 
carbon fiber reinforced thermoplastic (CFRTP). Currently, the manufacturing of aerospace parts 
using CFRP is more common compared to CFRTP due to the later high forming temperature and 
high cost of raw material [3], [4]. However, CFRP has inherent issues compared to CFRTP as 
listed below: 
1. Thermoset resin is required to be stored in a refrigerator. The resin will age when stored 
outside of the refrigerator resulting in loss of tack and stiffness of the prepreg [5].  
2. CFRP processing requires a long curing time to account for the chemical reactions that 
can increase molecular weight and crosslinking [3]. 
3. Manufacturing of CFRP requires large equipment such as large autoclave to fabricate 
complicated shapes [4].  
In contrast, a thermoplastic resin in CFRTP can be stored as a liquid at room temperature, 
CFRTP has a faster processing time and can be manufactured without autoclaves [4]. Despite that, 
the application of CFRTP in the aerospace industry is still new and limited.  
Vehicles in the aerospace sector operate within a wide range of environments ranging from 
the Earth’s atmosphere to space. For example, commercial jets and high-altitude balloons operate 
within the Earth's atmosphere. Previously in 2016, Okuyama Laboratory of Kyushu Institute of 
Technology (KIT) developed and launched a high-altitude balloon to perform in-situ measurement 
of the concentration of greenhouse gases in the stratosphere region [6]. Further up, satellite orbits 




oxygen (AO) and ultraviolet (UV) radiation are among the main cause of degradation to CFRTP 
materials [7]. AO density and UV energy vary with altitude as shown in Figure 1.1 and Figure 1.2 
respectively. AO is more dominant at altitudes between 180 to 650km [8]. Regarding UV, most of 
the high energy UV is block by the ozone layer except for lower energy UV as shown in Figure 
1.2 [9]. Consequently, spacecraft with CFRTP structure will be exposed to the effects of AO and 
UV degradation but vehicles traveling within the atmosphere will be exposed to degradation by 
lower energy UV. Further details on the effects of AO and UV radiation on PMC including CFRTP 
and polymers can be found in Chapter 2. Data on the durability of CFRTP in the space environment 
is limited compared to within the Earth atmosphere. Thus, the behavior of CFRTP in the space 
environment needs further investigation.  One behavior of interest is the dimensional stability of 
CFRTP in space.  
 
 
Figure 1.1. The density of atmospheric species including AO in solid line as a function of 
altitude. The density of AO decreases with increasing altitude. AO is dominant at altitudes 





Figure 1.2. The ozone density as a function of altitude. The yellow line refers to the ozone 
density. The three columns represent UV radiation with the width of the bar indicating the UV 
energy as a function of altitude. UV-C is blocked by the ozone layer except for lower energy 
UV-B and UV-C [9]. 
Dimensional stability is crucial for spacecraft structures that require precision such as 
antenna, truss structure and optical support structure. Moreover, space stations and orbiting 
satellites constructed of materials that are not dimensionally stable are susceptible to structural 
fatigue due to thermal cycling as it travels between sunlight and shadow region around the earth. 
Therefore, it is beneficial to utilize dimensionally stable material in manufacturing a spacecraft 
part. However, the high cost of launching payloads to space place a premium on spacecraft mass. 
Therefore, it is desirable to use a lightweight and dimensionally stable material for spacecraft 
structures such as PMC [10], [11].  In the case of PMC, the main factors affecting the dimensional 
stability are moisture, thermal expansion, mechanical loading and microyielding [12]. Thermal 
expansion is caused by repeated thermal cycling due to the temperature variation when a satellite 
passes from direct sunlight into Earth shadow. Microyielding is caused by microcracking in the 
PMC. Repeated thermal cycling can induce microcracking [13]. These microdamage develops 
because of stresses caused by the fiber-matrix coefficient of thermal expansion (CTE) mismatch, 
the CTE mismatch in properties along and transverse to the fiber direction and through the ply or 
lamina [14]. The microcracks can increase as the number of thermal cycles increased. This process 




microcracking behavior [13], [15], [16]. Application of high-performance PMC in spacecraft 
structures is crucial to limit changes to dimensional stability.  
In the future, the properties of CFRTP allow in-space manufacturing of CFRTP parts using 
a 3D printer with locally produced CFRTP [17]–[19]. There are various current and potential 
applications for in-space manufacturing including the construction of large space structures, 
fabrication of satellite structure and in-orbit repair of spacecrafts. In-orbit repair can be essential 
for the safety of human spaceflight. In 2003, the space shuttle Columbia exploded during reentry 
due to a damaged heat shield [20]. Application of 3D printed CFRTP parts to repair heat shield in-
orbit can prevent similar accidents in the future. Additionally, 3D printing technology allows better 
design flexibility by allowing the incorporation of complex parts in the designing of new 
spacecrafts. Moreover, 3D printing reduces material wastage and allows the design of monolithic 
structures thus streamlining the assembly process [21], [22]. Overall, the application of 3D printed 
CFRTP allows engineers to combine the benefits of CFRTP and 3D printing. However, it is 
important to understand the effect of the space environment on 3D printed CFRTP structures. 
Furthermore, it is of importance to also study the effect of the reentry environment on 3D printed 
CFRTP.  
Carbon Fiber/Polyether Ether Ketone (CF/PEEK) composite is a high-performance CFRTP  
that can be an ideal material for use as a spacecraft material and 3D printed CFRTP.   PEEK is a 
semi-crystalline thermoplastic polymer. CF/PEEK has low outgassing properties, good resistance 
to space sourced radiation, resistance to microcracking induced by thermal cycle and less sensitive 
to atomic oxygen (AO) erosion compared to CFRP [13], [23]–[25]. 
1.2 Problem Statement 
In a previous satellite project by KIT, CF/PEEK was used as the primary material for the 
external structure of Shinen-2 deep space probe [23]. The structure survived the launch and space 
environment. However, more space data is required to further understand the behavior of 
CF/PEEK including dimensional stability in space. Previous sources of CF/PEEK data mainly 
originated from ground tests [13], [24], [26]. The lack of space performance data can be attributed 
to various factors. Firstly, there is limited access to space to launch satellites or experiments into 
orbit. The current launch options are initially as cargo to International Space Station (ISS), then 




rocket, launch in a cluster with other small satellites and as a primary payload on a dedicated small 
launch vehicle [27]. The ISS cargo and secondary payload placed a constraint on the type of orbit 
for the payload. Even though numerous companies are developing small launch vehicles, most of 
the developments may not reach maturity thus limiting access to space. Currently, Northrop 
Grumman Pegasus, Japan Aerospace Exploration Agency (JAXA) Epsilon and Rocket Lab 
Electron rocket are the only operational small launch vehicles [28], [29]. Secondly, there are 
limited retrieval options to retrieve samples from orbit. The European Space Agency (ESA) Space 
Rider, Soyuz capsule and SpaceX Dragon capsule allow the option to retrieve samples from space 
but are expensive to operate and have limited flight frequency [30]–[32]. Thirdly, the ground test 
offers a lower testing cost; however, the challenge of simulating the actual space environment 
tends to decrease the accuracy of results [33], [34]. 
The emerging small satellite market provides a promising solution to the lack of in-orbit data 
[35], [36]. The small satellite can be a platform for space experiments including material science 
experiments [37]. Small satellites have low development costs and accessible to a wider group of 
participants [38].  
3D printing can help to manufacture space structure at a lower cost and faster manufacturing 
time. One area where there is limited study is 3D printed heat shield. The current method of 
manufacturing heat shield is labor intensive resulting in high manufacturing cost, long 
manufacturing time and quality issues. Moreover, most heatshields have gaps and seams which 
can increase the risk of accidents during reentry. Recently, 3D printing or additive manufacturing 
(AM) technology has matured enough for application in the aerospace industry [39]. The 
application of 3D printing in the manufacturing of heat shield has the potential to reduce 
manufacturing cost and manufacturing time and to improve quality by including high accuracy in 
manufacturing [40]. Moreover, 3D printing allows the capability to manufacture monolithic or 
one-piece heat shield thus reducing gaps and seams. Recently, the National Aeronautics and Space 
Administration (NASA) conducted preliminary research regarding a 3D printed heat shield. NASA 
applied thermoset resin mixture printing to manufacture the test pieces [40].     
1.3 Research Objectives 
This research focuses on the performance of CF/PEEK in space and reentry environment. 




1. To study the thermal expansion behavior of CF/PEEK in LEO using a small satellite. 
2. To study the thermochemical performance of 3D printed CF/PEEK in the reentry 
environment. 
To achieve the research goals, the following are the specific research objectives: 
1. Demonstrate an in-situ measurement experiment for measuring CTE of CF/PEEK 
samples in LEO.  
2. Evaluate the temperature response and recession resistance of 3D printed CF/PEEK 
ablator material. 
1.4 Thesis Outline 
The outline of this thesis is shown in the following sequence: 
• In Chapter 2, brief background information related to this research is presented. An 
overview of the molecular structure, properties and application of PEEK in spacecraft is 
presented. Different categories of the space environment around LEO and beyond are 
briefly presented. Effects of atomic oxygen, UV radiation and thermal cycle on the 
performance of PMC and polymers in space are further discussed. Selected previous 
material science missions utilizing small satellite platforms are presented. Structural parts 
for spacecraft manufactured using 3D printing technology are briefly discussed.  
• In Chapter 3, the in-situ measurement experiment for measuring CTE of CF/PEEK is 
described. The experiment is termed as Material Mission (MM). The experiment is one of 
the payloads onboard the Ten-Koh satellite. This chapter presents the architecture, main 
components and the mission operation flow. The detailed procedure for ground tests to 
validate the MM system and to simulate LEO thermal cycle environment is presented. 
• In Chapter 4, a brief overview of the ablative heat shield is presented. Initially, the 
procedure for exposing 3D printed CF/PEEK to thermal cycle and UV radiation is 
presented. Subsequently, this chapter describes the setup of tensile tests and arc heating 
tests to evaluate the mechanical, thermal and recession properties of 3D printed CF/PEEK 
ablator samples.    
• In Chapter 5, in-depth ground tests and in-orbit results of MM are presented. The result of 
the ground test is divided into system validation tests and thermal cycle exposure tests. The 




comparison between results from the ground test and in-orbit is presented. Discussions on 
issues related to the MM experiment and recommended future work and MM design 
improvements are also described.  
• In Chapter 6, the results of the tensile and arc heating test of 3D printed CF/PEEK are 
described. The effect of thermal cycle, UV radiation and different heat flux on tensile 
strength and Young’s modulus are described based on tensile test results. Temperature 
response and recession behavior after exposure to thermal cycle, UV radiation and varying 
heat flux are presented using arc heating test results. A comparison of the temperature 
response and recession behavior of the test samples with non-3D printed ablator materials 
is also presented.   
• In Chapter 7, the concluding remarks and recommended future work related to the present 
research are presented. 
1.5 Contributions 
The contribution of this research can be considered as the following: 
• The material mission is the first material science experiment that studies the effect of the 
space environment on the dimensional stability of composites using small satellites.  
• Results from MM can fill in the gaps between available ground test and in-orbit data 
regarding CF/PEEK dimensional stability performance in LEO.  
• The lessons learned from the MM experiment can act as a guideline for future material 
science experiments on a small satellite. 
• Provide information on the feasibility of 3D printed CF/PEEK parts for high-temperature 
applications. 
• Provide a database for the future development of the ablative model for numerical analysis 





 RESEARCH BACKGROUND 
2.1 Structure and Properties of PEEK 
A polymer is a large molecule or macromolecule consisting of monomer units bonded 
together by covalent bonds. Polymers are primarily organic in origin made up of carbon-based 
chains. PEEK is one such polymer. PEEK is a semi-crystalline thermoplastic polymer. 
Thermoplastic is a type of polymer that consists of a linear or branched polymer. Thermoplastic 
polymers can be melted and reshaped by heating. Semi-crystalline implies that the polymer chain 
consists of randomly ordered molecular chains termed as amorphous with locally ordered regions 
or crystallites. The process of aligning the molecular chains in an orderly fashion is called 
crystallization. Figure 2.1 shows the molecular structure of the PEEK repeat unit. The molecular 
structure consists of aromatic rings with two ether linkages and one ketone linkage. The aromatic 
ring is also termed as phenylene ring which provides PEEK with high chemical resistance and high 
carbon content. Exposure to extreme temperature allows PEEK resin to form a char layer due to 
the high carbon content. The presence of a crystalline region results in a high melting temperature 
for PEEK of approximately 334 ˚C. 
 
 
Figure 2.1. Molecular structure of PEEK repeat unit [41]. 
PEEK can be combined with reinforcing fibers to form a high-performance PMC. In a PMC, 
the fibers are the primary load-bearing component while the matrix or the resin binds the fiber 
together to transfer applied loads. However, fibers are anisotropic which means their properties 
are dependent on the fiber orientation. The mechanical properties of the composite are primarily 




are various types of carbon fibers depending on the tensile modulus as shown in Table 2.1. 
Moreover, carbon fibers are dimensionally stable materials with negative CTE compared to the 
matrix as shown in Table 2.1. This is important for structures that require high dimensional 
stability.   
Table 2.1. Tensile modulus and CTE for common types of carbon fibers. The PEEK resin is 
included as comparison purposes [13], [43].  
Type of Material Tensile Modulus (GPa) CTE (× 𝟏𝟎−𝟔 𝑲⁄ ) 
PEEK 3.6 47 
AS4 234 0.24 
IM7 303 -0.17 
P75 524 -1.01 
     
Exposure to thermal cycle conditions has shown that PEEK resin provides excellent 
resistance to microcracking induced by thermal cycling [13], [43]. Previously, it was mentioned 
that microcrack develops due to internal stress caused by the fiber-matrix CTE mismatch. In a 
thermoplastic composite such as CF/PEEK, internal stress is dissipated internally within the 
structure instead of through microcracking. Heat is generated due to the internal dissipation [13]. 
As a result, microcracking can be minimized and changes to CTE kept to a minimal level.  
In the aircraft industry, NLR from the Netherlands developed a CF/PEEK engine pylon 
upper spar using an automated fiber placement method. The manufactured component was part of 
the Thermoplastic Affordable Primary Aircraft Structure program or TAPAS-2. The objective was 
to provide an alternative to the usage of titanium. Figure 2.2 shows the completed pylon. 
 
 




Regarding the space sector, Okuyama Laboratory of KIT developed the Shinen-2 deep space 
probe in 2014. Shinen-2 was successfully launched on 3rd December 2014 and is currently orbiting 
the sun at a distance between 0.9 AU and 1.1 AU. Shinen-2 pioneered the use of CF/PEEK for the 
external structure [45]. Also, Shinen-2 demonstrated the use of amateur radio for deep-space 
communication and carried onboard an experiment to study radiation in space. Figure 2.3 shows 
Shinen-2 before launch. 
 
 
Figure 2.3. The completed Shinen-2 before launch [46]. 
The development of a durable lightweight structure for launch vehicles has been the 
aspiration of many aerospace engineers. Reduction in structural mass allows more payload mass 
and reduced fuel consumption. The Technical University of Munich decided to develop and test a 
REXUS sounding rocket structural module made from CF/PEEK. The objective was to test a 
lighter structure compared to the existing aluminum structure. The rocket was successfully 
launched in March 2019 thus proving the airworthiness of the CF/PEEK module. The composite 
module was 40% lighter compared to the existing aluminum modules. Figure 2.4 shows the 






Figure 2.4. CF/PEEK structure module as part of the REXUS sounding rocket shown on the right 
[48]. 
2.2 Space Environment 
The spacecraft is exposed to different categories of the space environment around LEO and 
beyond. The principle space environments and primary factors in each environment that can affect 
a spacecraft are listed below [7], [49]: 
1. Neutral environment 
i. Atomic oxygen. 
ii. Outgassing. 
iii. Atmospheric drag. 
2. Radiation environment 
i. Galactic cosmic rays. 
ii. Solar energetic particles. 
iii. Trapped radiation. 
iv. Solar electromagnetic radiation.  
3. Plasma environment 
i. Solar wind. 
ii. Geomagnetic field. 
iii. Ionospheric plasma. 
4. Micrometeoroid and debris environment 




i. Thermal cycle 
The type of orbit and mission of a spacecraft affects the severity of the mentioned space 
environment on the structure material. Table 2.2 summarizes the types of space environments with 
orbit altitude.  
Table 2.2. The common type of space environment with orbit altitude [7].  
Type of Orbit Range of Altitude Major Space Environment 
Low Earth Orbit (LEO) ≤ 1000 km 
Neutral, plasma, 
micrometeoroid and debris, 
thermal 
Mid Earth Orbit (MEO) 1000 – 35000 km  
Radiation, plasma, 
micrometeoroid and debris, 
thermal 
Geosynchronous Orbit 
(GEO) > 35000 km 
Radiation, plasma, 
micrometeoroid and debris 
 
This research focuses on AO, UV radiation and thermal cycle effects as these are the main 
contributor to the degradation of spacecraft structure material in LEO [7]. Robust spacecraft 
structures can be designed if the effects of the mentioned factors are well understood and 
accurately modeled. The effects of AO, UV and thermal cycle on spacecraft structure material are 
briefly discussed in the subsequent sections as reference for later chapters. Furthermore, the 
material under investigation is limited to the research topic or CF/PEEK unless otherwise stated. 
2.3 Atomic Oxygen 
In the region between 180 to 650km or LEO, AO is the main factor for the erosion of 
spacecraft materials [8]. Although the density of AO is low in high altitudes, the orbital velocity 
of spacecraft in LEO of 8km/s provides enough collision energy (4.5-5 eV) with AO to initiate 
chemical or physical interaction [50]. The collision of AO with polymer materials results in the 
formation of volatile oxides on the surface which leads to surface recession or erosion. The degree 
of erosion by AO on polymers is measured using erosion yield Ey or the volume of a material that 
is removed per incident oxygen atom. Ey is measured in units of cm3/atom. If the Ey for a polymer 





    𝑦 = 𝐸𝑦 × 𝐹  (2.1) 
where y is erosion depth (cm), Ey is erosion yield (cm3/atom) and F is atomic oxygen fluence in 
low Earth orbit (atom/cm2). Based on Equation (2.1), AO fluence is an important factor in 
determining the erosion depth.  AO fluence is calculated based on flux. Equation (2.2) is used to 
calculate the flux (atoms/cm2.s) [50]. 
    𝐹𝑙𝑢𝑥 = 𝜌𝐴𝑂 × 𝑣  (2.2) 
where 𝜌𝐴𝑂 is number density of AO (atom/cm3) and v is orbital velocity (cm/s). AO fluence is then 
calculated using Equation (2.3) [50]: 
𝐹𝑙𝑢𝑒𝑛𝑐𝑒 = 𝑓𝑙𝑢𝑥 × 𝑡  (2.3) 
where t is the exposure time (s). Furthermore, the AO fluence can vary based on the following 
factors  [8], [50]: 
1. Spacecraft altitude. 
2. Surface orientation. 
3. Mission duration. 
4. Solar activity. 
The spacecraft altitude can determine the number density of AO thus affecting the AO fluence. 
AO is formed through photodissociation of diatomic oxygen (O2) by UV. Between altitudes of 180 
to 650km, AO is the primary atmospheric species as shown in Figure 1.1. Variation in solar activity 
caused changes in the amount of UV radiation that reached the LEO environment. This can change 
the amount of AO production rate thus affecting AO fluence as shown in Figure 2.5. Solar activity 






Figure 2.5. AO Number Density versus Altitude for Solar Minimum, Nominal (Standard 
Atmosphere), and Solar Maximum Conditions. Variation in solar activity can change the AO 
production rate thus affecting AO fluence [8]. 
The amount of fluence is also dependent on the orientation of the exposed surface relative to the 
direction of travel of the spacecraft. Figure 2.6 shows the orientation of a surface relative to the 
direction of travel. Ram is considered as facing the direction of travel, the wake is facing the back, 
zenith is top, nadir is bottom and port and starboard covering the sides. The ram direction receives 
the highest amount of AO fluence because it is facing the direction of travel. The wake receives 
the least amount of AO fluence. If the spacecraft is rotating in random directions then the average 
AO fluence is 0.25 of the AO fluence for ram direction  [8], [52]. 
Various material missions have been conducted to study the effect of AO on different 
materials including polymers and composites. Selected long-duration exposure experiments in the 





Figure 2.6. The orientation of a surface relative to the direction of travel [53]. 
Table 2.3. Long duration in-orbit exposure experiments related to the effects of AO degradation 
on materials for spacecraft structures [7], [25], [41].  
Mission Name Manufacturer Launch Date Exposure Time 
LDEF1 NASA2 6/4/1986 5.5 years 
ARAGATZ CNES3 26/11/1988 1.1 years 
EURECA4 ESA5 31/7/1992 10 months 
MISSE 1&26 NASA 16/8/2001 3.95 years 
MPAC & SEED7 JAXA8 10/2001 3.8 years 
MISSE 3&4 NASA 3/8/2006 1.04 years 
MISSE 5 NASA 3/8/2005 1.12 years 
MISSE 6A&6B NASA 22/3/2008 1.45 years 
MISSE 7A&7B NASA 23/11/2009 1.49 years 
MISSE 8 NASA 20/5/2011 2.14 years 
MISSE 9 NASA 19/4/2018 1.2 years 
MISSE 10&11 NASA 26/4/2019 Still ongoing 
Note: 
1. LDEF – Long duration exposure facility 
2. NASA – National Aeronautics and Space Administration.  
3. CNES – Centre National D’etudes Spatiales 
4. EURECA – European Retrievable Carrier 
5. ESA – European Space Agency 
6. MISSE - Materials International Space Station Experiment 
7. MPAC&SEED – Micro-Particles Capturer and Space Environment Exposure Device 
8. JAXA – Japan Aerospace Exploration Agency   
 
The majority of the AO degradation is to cause surface erosion on the affected materials. 
The surface erosion caused by AO is in the form of cone-like pattern with some deep concavities. 




space. The maximum difference in height of the conical pits was 2.5 μm or 2.5x10-6 m. The surface 
roughness increased with increasing AO fluence [41].  
 
 
Figure 2.7. Surface morphology of PEEK sample after 10-months exposure [41]. 
AO surface erosion does not significantly affect the tensile strength and tensile modulus of PEEK 
samples with increasing AO fluence levels. However, greater roughness due to a higher AO 
fluence level might exert change to elongation at break. A space exposure experiment on another 
polymer called polyimide has a similar cone-like pattern when expose to AO. Moreover, increasing 
AO fluence caused a decrease in tensile strength. The concave region shown in Figure 2.8 can 
develop into surface cracks and become the initiation point for further cracks to the polymer. A 
stress concentration would be produced easily at deeper concavities. Therefore, the concave region 
may act as a crack initiation point which can affect the mechanical properties of the polyimide 
sample [54].  
 
 
Figure 2.8. Cross-section of Polyimide Sample exposed to LEO Environment for 1403 days. The 
area highlighted by the white arrow refers to a concave region. This region may act as a crack 




In the case of PMC, the carbon fiber material oxidized upon exposure to the LEO 
environment. The extent of surface oxidation depends on the tensile modulus of the carbon fiber. 
Higher modulus carbon fiber can limit the oxidation rate. In terms of erosion morphology, cone-
like feature or crevasses form in parallel to fiber direction for carbon fiber reinforced with 
poly(arylacetylene) samples during the LDEF mission [56]. The crevasses formed due to the 
higher oxidation rate of the matrix compared to the carbon fiber. The erosion morphology of PMC 
can be described in a two-step process. In the first step, the layer of matrix erodes at a faster rate 
than the carbon fiber. Subsequently, in the second step, the exposed carbon fiber reduced the 
overall erosion rate due to a lower reaction efficiency. In terms of degradation of mechanical 
properties, AO erosion resulted in a 20% to 30% reduction in tensile strength and modulus for 
carbon fiber reinforced epoxy during the LDEF mission. However, the extent of the degradation 
depends on the ply orientation. Composites made of unidirectional laminates have a higher 
reduction in tensile properties compared to composites with multidirectional laminates [56]. 
2.4 Ultraviolet Radiation 
The sun emits a wide range of electromagnetic radiation of which the UV radiation is a small 
portion of it. The UV wavelength in LEO is between 0.1μm to 0.4μm (100nm to 400nm). The UV 
spectrum is divided into different types of UV radiation. Vacuum UV (VUV) constitutes the 
portion below 200nm wavelength. UV-C is between 200 to 280nm, UV-B is between 280 to 
315nm and UV-A is between 315 to 400nm. The mean energy increases with a decrease in 
wavelength. Therefore, the shorter the wavelength, the greater the UV energy. The mean energy 
possesses by VUV and UV-C are 214.5 and 122.6 Kcal/mole respectively. Table 2.4 shows the 
wavelength and mean energy for each type of UV radiation. The VUV and UV-C have enough 
energy to break common polymeric bonds shown such as C-C and C-O. Figure 2.9 shows the 
chemical bond energy for common polymeric bonds.  
Table 2.4. Ultraviolet radiation spectrum and mean energy [50] 
Type Wavelength (nm) Mean Energy Kcal/mole eV 
Vacuum UV (VUV) Below 200 214.5 6.2 
UV-C 200 to 280 122.6 4.4 
UV-B 280 to 315 96.5 3.9 





Figure 2.9. Chemical bond energy for common polymeric bonds. [50] 
UV radiation has the potential to degrade the mechanical properties of polymers and PMC 
through crosslinking, chain scission and crystallization. Chain scission creates weak bonds in 
polymers by cutting molecular chains. Crosslinking caused embrittlement of the polymer by 
limiting the movement of the molecular chain [57]. An increase in UV exposure duration can 
increase the crystallinity of the polymer [58]. Crystallization leads to tighter packing of the 
polymer chains thus resulting in stronger intermolecular bonding forces between the chains [2]. 
An increase in the percentage of crystallinity can improve the tensile properties of polymers in 
composites. 
On the previous LDEF mission, Teflon samples were embrittled due to UV radiation. The 
elongation to failure was decreased by 20% and the tensile strength decreased by 30% compared 
to the pristine Teflon sample [7]. Aluminized Fluorinated Ethylene Propylene (FEP) samples 
flown on the MISSE 7A and 7B mission showed a similar trend to Teflon samples. The elongation 
at failure and tensile strength decreased by 84% and 40% respectively compared to pristine 
samples after 1.5 years in space. Significant embrittlement of the aluminized FEP samples was the 
main cause of the degradation of the mechanical properties [59]. 
In the MPAC and SEED mission, UV radiation caused the elongation at break for PEEK 
samples to decrease by 3% to 5% compared to the pristine sample. Initial analysis suspected that 
both chain scission and crosslinking caused a decrease in elongation to failure for the PEEK 
samples [41]. The crosslinking effect can embrittle the PEEK samples. Differential scanning 




temperature (Tg) and a decrease in heat of crystallization (∆𝐻𝑐) after UV exposure as shown in 
Table 2.5. Both mentioned phenomena indicated the formation of crosslinking. 
Table 2.5. DSC measurement of the PEEK sample heat properties before and after UV 
irradiation[41]. 
Type of Sample 𝑻𝒈(℃) ∆𝑯𝑪(𝑱 𝒈⁄ ) 
Pristine PEEK  142.3 14.5 
UV irradiated PEEK 153.1 6.08 
 
Additionally, a previous study showed a decrease in elongation at break and an increase in tensile 
strength for PEEK sample irradiated with UV compared to pristine PEEK samples. This indicates 
that the depth of UV penetration is enough to affect tensile properties and embrittle the PEEK 
samples by the crosslinking process [60].  
2.5 Thermal Cycle     
A spacecraft orbiting the Earth is exposed to direct sunlight, sunlight reflected off Earth 
(albedo) and infrared radiation emitted from the Earth. Direct sunlight is the biggest source of 
environmental heat to the spacecraft in LEO [7], [61]. However, a spacecraft orbiting the Earth 
will pass through an eclipse and sunlit region due to the Earth’s shadow as shown in Figure 2.10. 
The motion through the eclipse and sunlit region will repeat continuously throughout the spacecraft 
mission life. As a result, the temperature can vary between -160°C to +120°C when a spacecraft 
passes from direct sunlight into Earth shadow [13]. The repetitive temperature variation is defined 
as thermal cycling. For example, if a satellite orbits at an altitude equivalent to the ISS, the number 
of thermal cycles that the satellite will be exposed to is approximately 5760 cycles in one year [62].  
 
 




The thermal cycling in orbit can be considered as a low amplitude thermal fatigue [14]. The 
primary degradation effect of thermal cycling is to induce microcracking. From the perspective of 
PMC, these microdamage or microcrack develops because of stresses caused by the fiber-matrix 
CTE mismatch, the CTE mismatch in properties along and transverse to the fiber direction and 
through the ply or lamina. The microcracks will increase as the number of cycles increase. 
Microcracking can lead to a progressive change in the CTE because thermal expansion is affected 
by microcracking behavior [7], [15], [16]. Figure 2.11 illustrates an example of a microcrack in a 
composite material. However, thermal cycling has no significant effect on the tensile properties of 
composite materials. The thermal cycle primarily affects matrix dominated properties such as 
compression and CTE [16], [63]. Tensile strength and Young’s modulus are dominated by the 
fiber properties thus are not severely affected by the thermal cycle [42]. The results from a previous 
study whereby 500 thermal cycles from approximately -150°C to +93°C did not significantly 
change the tensile strength and Young’s modulus for different composite samples [24].     
 
 
Figure 2.11. Example of a microcrack in a composite material [64].  
The properties of the fiber and matrix can affect the extent of microcracking. High modulus 
carbon fiber such as P75S are prone to microcrack more compared to low modulus fiber such as 
T300. Moreover, the application of a tough matrix including PEEK can limit the extent of 
microcracks[7]. In a thermoplastic composite such as CF/PEEK, internal stress is dissipated 
internally within the structure instead of through microcracking. Heat is generated due to the 




A previous study showed that 100 thermal cycles from -160°C to +120°C produce a minor 
change in CTE of CF/PEEK composites. The main reason being the toughness property of the 
PEEK matrix [13]. Another study showed that 500 thermal cycles from approximately -150°C to 
+93°C produced a small increase in the microcrack density for CF/PEEK composites compared to 
other composites including the T300/934 [24], [26]. The T300/934 uses the 934 resin which is a 
space-qualified standard epoxy. The comparison of the microcrack density is shown in Table 2.6. 
In this case, the CF/PEEK is referred to as AS4/PEEK. AS4 is a low modulus polyacrylonitrile 
(PAN) based fiber.   
Table 2.6. Microcrack Density of Six Carbon Fiber Composites [24]. 
Material 





Irradiated and Thermal 
Cycled Specimens 
T300/934 0 18 43 
T300/BP907 0 0 >100 
T300/CE339 0 20 64 
C6000/P1700 13 53 61 
AS4/PPS 0 48 56 
AS4/PEEK 0 3 13 
 
The effects of thermal cycling in space on several carbon fiber epoxy composites have been 
studied in the previous LDEF mission. Analysis of the recovered samples showed no significant 
degradation in the CTE value after 371 days in space compared to pre-launch CTE values. The 
results are summarized in Table 2.7.  
Table 2.7. List of CTE data obtained from the LDEF experiment for CF/Epoxy samples [7]. 





T300/5208 Epoxy Tube [4 × 90°] 90 28.1 22.5-27.5 
T300/934 Epoxy Flat [4 × 0°] 0˚ 2.38 6.0 90˚ 26.5 25.0-27.0 
T300/SP-288 Epoxy Tube [4 × 0°] 0˚ 1.75-2.83 -2.05-6.0 90˚ 26.3 24.5-25.7 
Note: 
1. The first number in the bracket refers to the number of plies while the second number refers to the orientation 




2.6 Past Material Science Experiment on Small Satellite 
The emerging small satellite presents a good opportunity for conducting a material science 
experiment on small satellites. A small satellite has low development costs and accessible to a 
wider group. The small satellite includes nanosatellite and microsatellite both with a mass of up to 
50kg.  Focusing on nanosatellite and microsatellite, almost 250 were launched in 2019 [35]. It is 
predicted that 1,800 to 2,400 nano/microsatellite will require launch over the next 5 years [35]. 
Application in the scientific category and technology development make up 31% of all 
nano/microsatellite applications from 2015 to 2019 and is predicted to increase to 35% from 2020 
to 2024 [35]. In terms of yearly growth, applications in technology development and scientific 
applications have increased steadily from 60 in 2016 to 150 in 2018. Materials research is in the 
top 20 list of microgravity research by category, accounting for 12% of microgravity research [65]. 
This suggests a possible increase in interest in using microsatellite platforms for performing 
material science missions. Moreover, the miniaturization of components such as lab-on-a-chip 
(LOC) and microelectromechanical systems (MEMS) allows the creation of smaller hardware that 
can fit into smaller satellites [30].  
This section will review selected small satellite missions related to the effect of atomic 
oxygen and space radiation. The CAT-1 is a 1U Cubesat developed by the Technical University 
of Catalonia in Spain. The satellite was launched in November 2018. The satellite carried onboard 
an experiment to study the effect of AO degradation on a polymer called pentacene [66]. Another 
satellite performing AO degradation related experiment was the second Canadian advanced 
nanospace experiment (CanX-2) satellite shown in Figure 2.12. The satellite was developed by the 
University of Toronto Institute for Aerospace Studies Space Flight Laboratory and was launched 
in April 2008. CanX-2 carried an experiment to measure changes in sample thickness of aluminum 
samples with and without surface treatment due to atomic oxygen erosion. CanX-2 was a 3U size 
Cubesat shown in  [67]. The National University of Defense Technology in China also launched 
an experiment to study the effect of AO degradation on board the TianTuo-1 satellite. Unlike the 
previous two satellites, the TianTuo-1 was a 9.3kg nanosatellite launched in May 2012. The 
onboard experiment consisted of an AO flux measurement sensor using a silver film resistance 






Figure 2.12. CanX-2 3U Cubesat [70].  
The Lambdasat is a 1U CubeSat developed by the Lambda Team which is an international group 
of Greek scientists and students from San Jose State University in the United States of America 
(USA). The mission was launched in July 2014. Lambdasat contains a payload to observe the 
effect of space radiation on graphene samples [37]. Another mission called the Student On-orbit 
measurement project of SOMP-2 carried an experiment called carbon nanotubes-resistance 
experiment. The purpose of the experiment was to monitor the effects of space radiation on the 
properties of carbon nanotubes. SOMP-2 was developed by the Techniche Universtat Dresden in 
Germany and was launched in May 2017 [34]. The Czech Aerospace Research Center in 
Czechoslovakia developed and launched the VZLUSAT-1 in June 2017. Onboard VZLUSAT-1 
shown in Figure 2.13 was a unique experiment to test the use of radiation-hardened composite 
housing as a shielding material to protect electronic devices in space [71].   
 
 




Table 2.8 summarizes the discussed small satellites with onboard material science experiments. 
All were based on the CubeSat standard except for TianTuo-1. Based on Table 2.8, the majority 
of the experiments were related to the effects of atomic oxygen on materials exposed to the LEO 
environment. However, none have performed experiments related to the effects of the thermal 
cycle which is the focus of this research. All have real-time data transmission capability but no 
sample retrieval capability. 




Type of Exposure 




Lambdasat  O Graphene 2014/7/13 Lambda Team, USA 
CAT-1 O  Pentacene 2018/12/5 Technical University Catalonia, Spain 
SOMP-2  O Carbon nanotube 2017/5/16 
Techniche Universitat 
Dresden, Germany 
CANX-2 O  Aluminum 2008/4/28 Uni. of Toronto, Canada 
TianTuo-1 O  Silver film 2012/5/10 National Uni. Of Defense Tech., China 




2017/6/23 Czech Aerospace Research Center, Czech 
2.7 Application of 3D Printing in Spacecraft Structure 
There has been increased adoption of 3D printing technology in the fabrication of spacecraft 
structures. This section will provide a brief discussion on the application of 3D printing for in-
space manufacturing and in the fabrication of the primary structure, heat shield and other structure-
related components. Made in Space and Tethers Unlimited have made remarkable progress in the 
field of in-space manufacturing. Made in Space has a 3D printer installed onboard ISS called the 




including repair tools for use by astronauts. The materials are made of various polymers including 
polyethylene or polycarbonate [72].  
 
 
Figure 2.14. Made in Space additive manufacturing facility [72].  
Tethers Unlimited is developing the SpiderFab bot for the manufacturing of space structures 
such as antenna reflector and large trusses. SpiderFab is a combination of a 3D printer with an in-
orbit robot assembly [72]. Figure 2.15 shows the proposed SpiderFab in orbit. 
 
 
Figure 2.15. Tethers Unlimited proposed SpiderFab [72].  
In terms of primary structure, TuPOD is the first completely 3D printed satellite using 
Windform X2 a proprietary material by CRP USA. The TuPOD 3U Cubesat shown in Figure 2.16 
was developed by Group of Astrodynamics for the Use of Space Systems (GAUSS), an Italian 
company with a close relationship to the University of Rome in Italy. TuPOD was launched in 




also made of Windform X2 of CRP USA as the primary structural material. Printsat was developed 
by Montana State University in the USA. The usage of 3D printing decreased the number of 




Figure 2.16. Example of 3D printing for the fabrication of satellite primary structure. (a) TuPOD 
3U Cubesat with two tubesats in the background; (b) Flight model of the Printsat 1U Cubesat 
[73]–[75]. 
In 2015, TurkmenSat-1 or MonacoSat communication satellite was launched. The satellite 
orbited in the GEO orbit. Thales Alenia Space manufactured the antenna for the satellite from 3D 
printed aluminum [22]. Another company called Made in Space is set to launch the Archinaut One 
satellite in 2022. The unique satellite will 3D print two beams that extend 10 meters out from each 
side of the spacecraft. As manufacturing progresses, each beam will unfurl two solar arrays that 
generate as much as five times more power than traditional solar panels on spacecraft of similar 
size. Figure 2.17 shows an artist's impression of Archinaut One with the completed 3D printed 






Figure 2.17. The 3D printed solar panels on Archinaut One [77].  
In terms of heat shield, NASA conducted preliminary research regarding the 3D printed 
thermal protection system. NASA applied thermoset resin mixture printing to manufacture the test 
pieces. NASA has demonstrated the capability to print a heat shield on a small sphere-cone as 
shown in Figure 2.18. Currently, the research is still at technology readiness level 3 or proof of 
concept validation [40]. 
 
 









 IN-SITU MEASUREMENT EXPERIMENT OF CTE FOR CF/PEEK IN 
LEO 
3.1 Overview of Ten-Koh Satellite 
The Ten-Koh satellite was jointly developed by Okuyama Laboratory of KIT in partnership 
with universities from the United States of America (USA), Australia and Bulgaria. Ten-Koh was 
launched on 29th October 2018 using an H-IIA rocket from Tanegashima Space Center. Ten-Koh 
was a secondary payload for the launch of JAXA’s Greenhouse Gas Observing Satellite (GOSAT-
2) [79]. 
The Ten-Koh satellite has a quasi-spherical shape external structure made from CFRP, as 
illustrated in Figure 3.1. The satellite has a total mass of 22.0 kg and is categorized as a 
microsatellite. The external dimension of the satellite is 465 mm × 500 mm × 500 mm. Ten-Koh 
orbits the Earth in a sun-synchronous sub-recurrent orbit. A selected list of the final orbital 
parameters for Ten-Koh is listed in the following Table 3.1.  
Table 3.1. Selected final orbital parameters for Ten-Koh.  
Orbital Element Parameter 
Inclination 97.8˚ 
Semi-major axis 6,975 km 
Orbital period 96.6 minutes 
 
The Ten-Koh satellite inherited several technologies used on the Shinen-2 satellite including 
the usage of PMC for external structure. The main payloads for Ten-Koh include the following: 
1. Material mission experiment. 
2. Magnetometer. 
3. Double Langmuir probe (DLP). 
4. Charged particle detector (CPD). 
The primary mission objectives for Ten-Koh are listed below: 
1. To characterize the plasma environment around a spinning spacecraft. 
2. To detect MeV-range electrons in LEO. 










Figure 3.1. Ten-Koh satellite configuration and location of MM. (a) Ten-Koh flight model (FM); 






3.2 Material Mission System Architecture 
There is a variety of techniques to measure the dimensional stability of CF/PEEK. This 
research focuses on measuring the thermal expansion factor. This section will discuss the 
development of a material science experiment termed as material mission (MM) and is one of 
several payloads onboard the Ten-Koh satellite. The purpose of the MM is to perform in-situ 
measurements of changes in the CTE of CF/PEEK composites samples in LEO. Strain gauges and 
temperature sensors were used to measure changes in strain and temperature for the calculation of 
CTE. The experiment eliminates the need for sample retrieval by transmitting results to the ground 
station. The material mission architecture consisted of an external printed circuit board (PCB) and 
an internal PCB. The input will be strain and temperature. The output will be strain, temperature 
and CTE. The external PCB consisted of the CF/PEEK samples.  Figure 3.2 shows the overall 
architecture of MM. 
 
 
Figure 3.2. Material mission architecture.  
Each sample has one strain gauge and temperature sensor attached to it for reading strain 
and temperature. The internal PCB contains the components for operating the experiment. The 
external PCB contains the CF/PEEK samples, strain gauges and temperature sensors. The 
aluminum box on the external PCB contains a UV sensor and two UV filters. Both PCB were in 
the upper section of the Ten-Koh satellite. The external PCB was installed on the top plate of the 
external satellite structure for the maximum field of view as shown in Figure 3.1.   
MM was designed to consider the following three reasons: 
1. The experiment should be able to survive launch conditions without being damaged. 
2. The experiment will not generate unintentional space debris. 
3. The limited development time due to the piggyback nature of this mission. 
For the first reason, the samples and the experiment assembly can be destroyed and scattered due 




in the rocket fairing. Therefore, usage of mechanical devices or moving parts to create strain on 
the samples may fail or damage during the launch environment. For the second reason, prolong 
exposure to space can deteriorate the mechanical properties of the samples. The samples if under 
due stress can be damaged or break apart leading to an increase in space debris. The second reason 
was the primary factor for omitting destructive tests such as tensile tests. The reason being the 
destruction of the samples can create space debris. Also, when the strain gauge is attached to the 
surface of the specimen using an adhesive, the adhesive may outgas in the vacuum environment. 
The adhesive and detached strain gauge can add to the existing space debris in LEO. Therefore, a 
passive measurement system utilizing a non-destructive test was preferred over an active system. 
The measurement of CTE due to thermal strain was selected because it requires only a passive 
measuring system. According to the thermal simulation results performed before launch, the 
temperature range of the external structure is estimated to be between 10 to 40 °C which can 
provide enough change in thermal strain. 
3.3 Mechanical Design 
A detailed computer-aided design (CAD) model of the external PCB is illustrated in Figure 
3.3. The dimensions of the external PCB measured 78mm x 80mm. Three CF/PEEK samples were 
bolted to the external PCB. Each sample consisted of two pieces of CF/PEEK thermally welded 
together using a heat press machine. The overall dimension of each sample was 50 mm long, 10 
mm wide and 2 mm thick, as illustrated in Figure 3.4. 
 
 
Figure 3.3. A CAD rendering of MM external PCB showing the location of selected components 





Figure 3.4. Detail CAD drawing of CF/PEEK samples. 
The CF was made from PAN-based plain woven carbon fabric manufactured by Toray with a 
0/90° pattern. The PEEK resin was manufactured by Victrex. The main reason for the plain-woven 
pattern was to maintain a quasi-isotropic property for the external structure and the ease of woven 
material to conform to the molding tool with complex shapes [80].  
In Chapter 2, it was mentioned that AO is one of the main factors for the erosion of various 
materials in LEO. Concerning MM, the area of concern was the durability of the external PCB 
topmost layer termed as a solder mask and one of the samples to be coated with AO protective 
coating. Therefore, an AO erosion simulation using Space Environment Information System 
(SPENVIS) was performed to predict the erosion depth due to AO. The following assumptions 
were made for the erosion depth analysis: 
1. There is no synergetic effect between UV radiation and AO. The reason is that 
SPENVIS software does not consider the effect of UV radiation.  
2. The AO fluence and daily geomagnetic index (Ap) values are the average predicted 
value over the mission duration. 
The analysis of the erosion depth was performed based on three scenarios; average solar activity, 
maximum solar activity and minimum solar activity. The reason for the three scenarios is due to 
changes in the predicted solar radio flux and Ap values as shown in Table 3.2 and Table 3.3 
respectively. The predicted values shown in both tables were obtained from the National Oceanic 




mission ran during the ending of solar cycle 24 and the beginning of solar cycle 25. As a result, 
the solar radio flux will remain minimal compared to other periods of a solar cycle (NOAA, 2018). 
Table 3.2. Predicted average solar radio flux values.  
Duration Solar Index Flux (F10.7)(10-22 W.m-2Hz-1) Predicted Maximum Minimum 
1 month 68.2 77.2 60 
6 months 66.7 75.7 60 
12 months 65.3 74.3 60 
Table 3.3. Predicted daily geomagnetic index.  
Daily Geomagnetic Index (Ap) (2nT) 
Average Maximum Minimum 
8.9 28 5 
 
Table 3.4 shows the predicted erosion depth on external PCB and material samples for various 
mission duration and surface orientation of the Ten-Koh mission. The average erosion depth was 
calculated using an adjusted AO fluence equivalent to 0.25 of the front AO fluence. The 0.25 value 
was previously described in Section 2.2. 













Average Solar Activity 1.52E-06 1.62E-37 3.79E-07 
Maximum Solar Activity 3.67E-06 2.43E-33 9.18E-07 
Minimum Solar Activity 7.91E-07 5.82E-40 1.98E-07 
6 
Average Solar Activity 8.79E-06 7.29E-37 2.20E-06 
Maximum Solar Activity 2.15E-05 1.20E-32 5.37E-06 
Minimum Solar Activity 4.74E-06 3.49E-39 1.19E-06 
12 
Average Solar Activity 1.73E-05 1.13E-36 4.32E-06 
Maximum Solar Activity 4.25E-05 2.01E-32 1.06E-05 
Minimum Solar Activity 9.62E-06 7.08E-39 2.41E-06 
 
Based on Table 3.4, an increase in exposure duration will generally increase the erosion depth due 
to an increase in the amount of AO fluence. During an average solar activity period, the average 




facing the ram direction, the average erosion depth is 1.73 × 10−5cm. In the worst-case scenario 
or during maximum solar activity, the average erosion depth is 1.06 × 10−5 cm while the 
maximum erosion depth is 4.25 × 10−5cm. The thickness of the solder mask layer ranges between 
7μm (7 × 10−4cm) and 40μ (4 × 10−3cm). Therefore, the amount of erosion is insufficient to 
penetrate the solder mask layer within one year. A protective coating was applied to two of the 
three samples as shown in Table 3.5. The purpose of the protective coating was to determine the 
changes in CTE due to different factors in space. For example, by applying an AO protective 
coating on one of the samples, the possibility of AO influencing changes in CTE can be omitted. 
Table 3.5. List of protective coating applied to MM CF/PEEK samples. 
Degradation Factor Type of Coating 
Atomic oxygen Silsesquioxane (RSiO3/2) 
Ultraviolet radiation Yttrium oxide (Y2O3) 
 
The AO protective coating used was silsesquioxane (RSiO3/2) with a thickness of 1μm. A 
previous joint study between Japan Aerospace Exploration Agency (JAXA) and Toagosei Co. 
described that silsesquioxane can provide adequate protection against AO erosion and thermal 
cycling effects [81]. Application of silsesquioxane coating can minimize AO erosion between 
2.62 × 10−8cm up to 1.16 × 10−7cm depending on the intensity of the solar activity. The  AO 
erosion value was obtained based on the same AO erosion simulation performed earlier for the 
external PCB. The 1 μm was deemed enough to protect from AO erosion based on executed 
simulation. The UV protective coating used was yttrium oxide (Y₂O₃). A test was performed by 
irradiating 150mW/cm2 of UV light on samples with and without the yttrium oxide coating. The 
test simulated a 50 days exposure in space. The results showed a decrease in mass on the order of 
10-3 g. In conclusion, the test proved that the yttrium oxide coating can provide sufficient 
protection against UV radiation [82].  
Each sample contains a single 0°/90° 2-element rosette stacked type strain gauge. CFRTP 
melts when heated above the melting temperature [83]. This unique feature allows a strain gauge 
to be attached between two pieces of CF/PEEK by thermal welding as shown in Figure 3.5. The 
rationale for thermally welding the strain gauge was to avoid accidental detachment of the strain 
gauge in orbit. Outgassing of the standard strain gauge adhesive can cause the strain gauge to 




CF/PEEK. Each element of the strain gauge was aligned to the fiber direction. Another piece of 
CF/PEEK was placed on the strain gauge and the first piece of CF/PEEK. Both pieces with the 
strain gauge in between were wrapped in aluminum tape and placed in a hot press machine (FT-
10HP, Full Tech, Japan). The temperature was increased stepwise until a maximum of 400 ˚C. 
Moisture was removed from the sample by maintaining a constant temperature for approximately 
30 min after each temperature increment. The pressure was not applied to the samples to avoid 
damaging the lead wire. Instead, the sample was placed on one hot press plate with the other plate 






Figure 3.5. Strain gauge assembly. (a) Exploded view of a MM sample with the strain gauge 
thermally welded between two pieces of CF/PEEK; (b) MM sample after completion of thermal 
welding process; (c) X-ray view of a MM sample showing the placement of strain gauge with 
respect to the fiber direction. 
The measurement of sample temperature by attachment of thermocouple to sample is not 




MM applied a temperature measurement system that utilized heat conduction. The system is 
illustrated in Figure 3.6. Temperature measurement for each sample was measured using an 
AD590 temperature sensor (AD590, Analog Devices, Norwood, MA, USA) attached underneath 
the external PCB but below each sample. The AD590 sensor is capable of recording temperatures 
between −55 and 150 °C with an error range of ±1 ˚C. The heat was conducted via conduction 
from the surface of the sample through a hole filled with thermal grease and α-gel to the 
temperature sensor.  
 
 
Figure 3.6. Cutaway of the MM sample and the temperature measurement system. The strain 
gauge is thermally welded between two CF/PEEK samples. Temperature is measured using a 
temperature sensor via heat conduction from the surface of the sample through a hole filled with 
thermal grease and α-gel. 
The type of harness connecting the external PCB and internal PCB is SPEC 55. It is suitable 
for use in space and meets the ESA and the NASA outgassing requirements [84]. Additional 
protection to the external PCB wire was provided by Room-Temperature-Vulcanizing silicone 
(RTV) coating manufactured by Shintetsu. The internal PCB was coated with conformal coating 
as an electrical isolator and to provide limited protection from the LEO environment. The coating 
used was Dowsil 3140 RTV coating. 
3.4 Electrical Design 
The MM was developed to measure the CTE of CF/PEEK. CTE is the change in length or 















  (3.1) 
where α is CTE (ppm/°C), L is length (m), L0 is initial length (m), T is temperature (°C), T0 is 
initial temperature (°C), ∆L is change in length (m) and ∆T is change in temperature (°C). The 
values of CTE are not always constant. Therefore, the CTE is expressed as an average value in a 
certain temperature range [10].  
The MM has two main sensors to calculate CTE; strain gauge and temperature sensor. The 
two sensors were placed on the external PCB which also consisted of the three CF/PEEK samples. 
Each sample has one strain gauge and a temperature sensor attached to it. The view of the top and 
bottom parts of the external and internal PCB is shown in Figure 3.7. The external PCB has a 
limited number of electronic components due to possible damage from prolonged exposure to the 
LEO environment. The external PCB is connected to the internal PCB via connectors. The internal 
PCB contains the PIC16F877 microcontroller as the main microcomputer for MM. The 
microcontroller communicates with the Onboard Computer (OBC) using Inter-Integrated Circuit 
(I2C). The sensors communicate to the microcontroller using Serial Peripheral Interface (SPI). The 
internal PCB also contains the strain gauge and temperature sensor circuits and the secure digital 









Figure 3.7. Top and bottom view of MM PCB. (a) Top view of external PCB; (b) Bottom view 
of external PCB; (c) Top view of internal PCB with conformal coating; (c) Bottom view of 
internal PCB. 
3.4.1 Strain Gauge 
Strain is the deformation of a material due to a force or a set of forces resulting in a change 
in length as shown in Equation (2.2) [85]. In the context of MM, strain is the change in length of 
the CF/PEEK sample due to temperature. A strain gauge detects this strain as electrical signals. 
Strain gauge electrical resistance changes with deformation. When a strain gauge is bonded to a 
material, the deformation of the material changes the electrical resistance of the strain gauge. The 
change in strain is small and is measured in microstrain (με). The relation between strain and 





where ε is strain (μm/m), L is the initial length (m) and ∆L is the elongation. 
∆𝑅
𝑅
= 𝐾𝑆𝜀 (3.3) 
where R is resistance (Ω), ∆R is change in resistance (Ω), Ks is gauge factor and ε is strain (μm/m). 
The gauge factor is strain gauge sensitivity. A Wheatstone bridge circuit is commonly used to 















where e0 is output voltage (V), E is bridge excitation voltage or input voltage (V), R is resistance 
(Ω), ∆R is change in resistance (Ω), KS is gauge factor and ε is strain (μm/m). Based on Equation 
(4) strain is proportional to the output voltage.  
In the LEO environment, the temperature outside of Ten-Koh regularly changes between hot 
and cold due to the orbital movement around Earth. The apparent strain was generated by the strain 
gauge bonded to the CF/PEEK sample due to the varying temperatures. The formula for the 
apparent strain is shown in Equation (2.5) [85]. The sources of the apparent strains are listed below: 
1. CTE mismatch between resistance element and measure material. 




+ (𝛼𝑚 − 𝛼𝑔)] ∆𝑇  (3.5) 
where εT is the apparent strain (μm/m), β is resistive temperature coefficient of resistive element, 
Ks is gauge factor, αm is CTE of measured material, αg is CTE of strain gauge and ∆T is change in 
temperature (°C). Apparent strain can be reduced if αm and αg are nearly equal. However, for MM, 
the challenge of selecting a matching CTE between measured material and strain gauge may result 
in inaccurate measurement due to apparent strain. Therefore, an alternative apparent strain removal 
method was selected for MM [82]. Figure 3.8 illustrates the alternative apparent strain removal 
method used in MM. The two white holes in Figure 3.8 represents the placement of the bolts on 
the MM samples. In the horizontal direction or direction 1, the sample was constrained with bolts. 
An arbitrary temperature increase was applied resulting in the compressive strain as shown in 
Equation (3.6). In the vertical direction or direction 2, the same temperature change as above was 
applied. However, in this direction, the sample was unconstrained resulting in the tensile strain as 
shown in Equation (3.7). The same amount of apparent strain included in both directions can be 
offset by taking the difference between strain measurement in direction 1 and 2 as shown in 
Equation (3.8). The accuracy of the strain measurement was increased by employing the mentioned 
method. The selection of a single 0°/90° 2-element rosette stacked strain gauge was due to the 






Figure 3.8. Alternative apparent strain removal method applied by MM. The difference between 
strain measurement in directions 1 and 2 can offset the amount of apparent strain included in 
both directions. 
𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 1: 𝜀1 = −𝜀𝑚 + 𝜀𝑔  (3.6) 
where ε1 is strain in direction 1, εm is strain of sample and εg is strain of strain gauge 
𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 2: 𝜀2 = 𝜀𝑚 + 𝜀𝑔  (3.7) 
where ε2 is strain in direction 2, εm is strain of sample and εg is strain of strain gauge 
|𝜀1 − 𝜀2| = 2𝜀𝑚 (3.8) 
Table 3.6 shows the specification of the ZFCAL-1-11 strain gauge used for MM.  
Table 3.6. Main specifications of the ZFCAL-1-11 strain gauge used for MM [86]. 
Item Description 
Model Name ZFCAL-1-11 
Gauge Factor 2.05 ± 1% 
CTE 11.8 x 10-6 (/°C) 
 
The block diagram for the strain gauge circuit is shown in Figure 3.9. The ADR4520 voltage 
regulator was used to convert the 5V power supply from battery to 2V input voltage for the strain 
gauge. The low noise (0.1Hz to 10Hz) and wide operating temperature (-40°C to 125°C) were the 
reasons for selecting ADR4520. The LM358-N operational amplifier was used to provide high 
input impedance. The reason for the high input impedance is to minimize the drop in the voltage 
input. The LM358-N was selected due to its proven flight heritage in the Shinen-2 project. An 
IRLML6244 MOSFET was used to provide a switching circuit. The varying temperature in LEO 
can also affect the resistance of the lead wire. The 3-lead wire strain gauge was selected for self-
temperature compensation. The minute change in resistance is converted by the Wheatstone 




was used to amplify the value of ∆e0 which was in the μV range. Each of the 2-element strain 
gauges was connected to two ADC with one ADC for each gauge element. 
 
 
Figure 3.9. Strain gauge circuit block diagram. 
3.4.2 Temperature Sensor 
The temperature sensor used for MM was AD590. Table 3.7 shows the specification of 
AD590. The temperature measurement range is from -55°C to 150°C.  
Table 3.7. Main specifications of the AD590 temperature sensor used for MM [87]. 
Item Description 
Linear current output 1 μA/K 
Measured temperature range -55°C to 150°C 
 
The reference voltage of the AD590 is 2.5V. However, the voltage supplied from the battery is 5V. 
The ADR421 was used as the voltage regulator to convert the voltage supplied to 2.5V. The 
AD7927 12-bit ADC was used as the ADC for the temperature sensor since it has 8 channels to 
handle multiple temperature sensors. Three temperature sensors were connected to one 12-bit ADC. 
3.4.3 SD Card 
MM allows data to be stored in an onboard SD card before transmitting to a ground station. 
This operation mode was termed normal mode whereby the user can set the measurement time. 
The U331 series MicroSD Memory Card manufactured by DELKIN DEVICES was used as the 
SD card for MM. The storage capacity was 2Gb. The U331 MicroSD card was selected because it 




3.4.4 UV Sensor 
Originally, there were two UV sensors, one sensor can detect all UV wavelengths and the 
other one can detect only UV-C. UV filters were proposed for filtering out UV-A and UV-B, thus 
allowing the UV sensor to focus on measuring UV-C radiation. However, the UV sensors were 
excluded from the FM due to the flight qualification problem. Further discussion on the UV sensors 
will be covered in section 5.4.2.     
3.5 Mission Operations 
The general process flow for MM starts when the ground station transmits a command to the 
internal PCB via OBC to read temperature and strain measurements. Temperature is measured 
before and after measuring the strain for each direction of the strain gauge element. The 
measurement process is repeated for the next two samples. Data is then transmitted to the ground 
station. A decoder program developed using C language converts the data packets into strain, 
temperature and CTE values. Figure 3.10 illustrates the overall MM mission operations process 
flow. The user can specify the number of measurements or packet number for each operation 
session. One packet of data has a size of 60 bytes. During one pass, the window period when Ten-
Koh is in a suitable elevation for reliable communication with the KIT ground station was between 
10 to 14 minutes. The usage of amateur radio with limited bandwidth for communication between 
the ground station and satellite limits the amount of MM data that can be downloaded in one pass. 
Moreover, Ten-Koh has other payloads that generate data. This also contributes to limit the amount 
of MM data that can be transmitted to the ground station. As a result, MM operations were limited 






Figure 3.10. Overview of MM mission operations process flow. 
3.6 Ground Test 
Four ground validation tests were performed to determine the effectiveness of the MM 
measurement method. The ground tests are shown in Table 3.8. 
Table 3.8. List of MM ground validation tests. 
No. Types of Test Purpose of Test 
1 Strain gauge attachment test To determine the feasibility of using a 
thermally welded strain gauge for strain 
measurement. 
2 Strain gauge circuit test To test the accuracy of the strain gauge circuit. 
3 Full system test To test the accuracy of the temperature 
measurement method and to determine the 
performance of MM in a simulated space 
environment. 
4 Thermal cycle exposure test To observe the effect of the thermal cycle on 
CTE and to validate in-orbit data from the 
material mission. 
3.6.1 Strain Gauge Attachment Test 
The test was performed to determine the viability of the strain gauge attachment method. 
Strain measurements from two identical CF/PEEK samples with adhesive and thermal welding 
attachment methods were compared using a hot press machine. The hot press machine has heaters 
attached to the top and lower parts as shown in Figure 3.11. In this test, both samples were placed 
on the lower part and enclosed with a 5 mm-thick metal jig and heat insulating material. The jig 




samples. The test assembly is illustrated in Figure 3.11. A thermocouple was attached to each 
sample to measure the temperature for each specimen. Test temperatures varied between 16 °C 
and 106 °C to simulate expansion and contraction to the CF/PEEK sample. The heating rate was 
approximately 1°C per minute. Upon reaching 106°C, the temperature was held for an hour to 
stabilized temperature. After an hour the heater was turned off and the samples could cool down. 
Strain measurements were taken using a dynamic strainmeter while temperature measurements 





Figure 3.11. Strain gauge attachment test equipment and setup. (a) Hotpress machine used for 
strain gauge attachment test; (b) Strain gauge attachment test assembly. 
3.6.2 Strain Gauge Circuit Test 
The purpose of the strain gauge circuit test was to test the accuracy of the strain gauge circuit. 
A tensile test was performed to compare Young’s modulus reading from the strain gauge circuit 
and a dynamic strainmeter. Young’s modulus is calculated using Equation (2.9) based on the 
elastic region in a stress-strain curve [89]. In the elastic region, there is a proportional relationship 




𝜎 = 𝐸 ∙ 𝜀  (3.9) 
where σ is stress (Pa), E is Young’s modulus and ε is strain.  A screw-type universal testing 
machine model SC-100H-L180 was used to perform the tensile test. The strain gauge was attached 
using adhesive to an aluminum alloy tensile test sample. The aluminum alloy used in this test was 
A6061P. Figure 3.12 shows the actual and CAD drawing of the test sample. Four tensile tests were 
performed to test a strain gauge attached to the dynamic strainmeter and six elements of strain 






Figure 3.12. Tensile test sample for strain gauge circuit test. (a) Actual test sample with attached 
strain gauge; (b) CAD drawing of a test sample. 
3.6.3 Full System Test 
The test was carried out in a thermal vacuum chamber (TVAC) in KIT. The TVAC shown 





1. To test the accuracy of the temperature measurement method.  
2. To determine the performance of MM in a simulated space environment. 
 
 
      Figure 3.13. The thermal vacuum chamber used for full system test [90]. 
The surface temperature of the sample recorded by thermocouple was compared with those 
measured by the temperature sensors. The CTE measurement by the MM circuit was compared 
with CTE data obtained using a TM-7000 Thermomechanical Analyzer (TMA) owned by Agne 
Technology Center Company. Identical external PCB, internal PCB and CF/PEEK samples 
designed for the FM model were used for the ground test. The number of samples was three which 
was the same with the FM model. Both PCB were attached to a computer via a universal 
asynchronous receiver transmitter (UART) board for recording of measured data. Figure 3.14 
shows the test circuit assembly.  
 




Thermocouples were attached to the sample and temperature sensors for comparison purposes. 
Polyimide heaters were attached to the heater frame made of aluminum to allow uniform 
distribution of heat to the samples. The heat was indirectly distributed to the samples via radiation 
from the aluminum frame. Black paint was also applied to the aluminum frame to increase the 
amount of radiated heat. The test setup is shown in Figure 3.15.  
 
1.  
Figure 3.15. Full system test setup comprising identical external and internal MM PCB to flight 
model and polyimide heaters as a heat source.   
The pressure in the TVAC was set to below 1.3 × 10−3 Pa. The range of temperature change was 
between -40°C to 22°C. This temperature range was selected based on temperature obtained from 
in-orbit data. The test was carried out in two scenarios. The first was to cool down the test chamber 
from room temperature of 22°C to -40°C at a cooling rate of -1°C/min. In the second scenario, the 
test chamber temperature was increased from -40°C to 22°C at a rate of 1°C/min. 
3.6.4 Thermal Cycle Exposure Test 
Long duration exposure to thermal cycles can affect the properties of CF/PEEK. The large 




difficult to perform real-time testing. The solution is to perform thermal cycle exposure at 
accelerated levels. The purpose of the accelerated thermal cycle test is as follows: 
1. To observe the effect of the thermal cycle on CTE.  
2. To validate in-orbit data from the material mission.  
The Coffin-Manson model is used to relate field usage to accelerated test conditions. This model 
is used for estimating the temperature cycle acceleration factor. Reasonably estimating the 
acceleration factor depends on the failures being caused by fatigue, subject to the Coffin-Manson 
law for cyclic strain versus the number of cycles to failure as shown in Equation (3.10) [14], [91]: 
∆𝜀𝑃𝑁𝑓
𝛼 = 𝑐  (3.10) 
where ∆𝜀𝑃 is the plastic strain amplitude, Nf is the number of cycles to failure, α is the fatigue 
ductility exponent and c is the material constant. When applied to an accelerated thermal cycling 
sequence, Equation (3.10) can be re-written to define the acceleration factor of the test as Equation 
(3.11) [14], [91]: 
𝐴𝐹 = (∆𝑇𝑡𝑒𝑠𝑡 ∆𝑇𝑢𝑠𝑒⁄ )
𝑚  (3.11) 
where AF is the acceleration factor, ∆Ttest is the temperature cycle test range, ∆Tuse is the nominal 
temperature change in the field and m is the Coffin-Manson exponent. According to previous 
studies, the Coffin Manson exponent for carbon fiber composites is approximately 6 [14]. Based 
on the 98 minutes orbital period for Ten-Koh and using Equation (3.11), Table 3.9 shows the test 
condition for the thermal cycle test. 
Table 3.9. Test conditions for accelerated thermal cycling tests. 
Sample No. Mission Duration (months) 
No. of cycles 
in the test 
No. of actual 
cycles in orbit 
Test time 
(Hours) 
1 4 months 12 1763 12.8 
2 8 months 23 3527 25.7 
3 12 months 35 5290 38.5 
 
The test was carried out in the Despatch 935E-1-4-120 (Despatch Industries, Minneapolis, USA) 
thermal cycle chamber. Figure 3.16 shows the thermal cycle chamber. Table 3.10 shows the 






Figure 3.16. The thermal cycle chamber used for exposing MM test samples to thermal cycles. 
Table 3.10. Main specification of the thermal cycle chamber. 
Specification Description 
Size (mm) 440 width × 480 depth × 500 height 
Ultimate Vacuum (Pa) Room pressure 
Shroud temperature (℃) -190-200 ℃ 
Maximum test sample size 
(mm) 350 width × 250 depth × 200 height 
Heating rate 40-100 ℃ : 6 ℃/min, 40-200 ℃ : 19 ℃/min 
40-260 ℃ : 31 ℃/min 
Airflow rate 600 cfm (cubic feet per minute) 
 
Identical external PCB and internal PCB designed for the FM model were used for the ground test. 
There were three samples each equivalent to four, eight and twelve months of mission duration. 
The size of each sample is shown in  Figure 3.4. However, the temperature sensors were not 
attached to the samples. Instead, thermocouples were attached to the samples to record the sample 
temperature. An accelerated thermal cycle condition was performed for a temperature range 
between -60˚C to 90˚C for ∆Ttest while the ∆Tuse is -45˚C to 20˚C. The ∆Tuse was based on an 
approximate temperature of MM samples obtained from in-orbit data. The thermal cycle involved 
heating in air and cooling using liquid nitrogen. The heating and cooling rate or ramp rate was 
approximately 6 ˚C/min. The soaking period was 8 minutes to allow uniform distribution of heat 





Figure 3.17. Temperature profile for one accelerated thermal cycle. 
Both PCB were attached to a computer via a UART board for recording measured data. Figure 
3.14 shows the test circuit assembly which is identical to the full system test setup. However, due 
to the absence of a vacuum, the strain gauges were attached to the sample using strain gauge 
adhesive instead of thermal welding since there is no danger of outgassing. Figure 3.18 shows the 
























 NEW HEAT SHIELD MATERIAL USING 3D CF/PEEK 
4.1 Introduction to Ablative Heat Shield 
A spacecraft enters the Earth's atmosphere at high reentry velocities. For example, the 
reentry velocity from LEO is 7.8 km/s while the Apollo mission reentry velocity was 11.2 km/s 
from the moon. The hypersonic reentry velocities produce shock waves in front of the spacecraft, 
or the bow shock wave as shown in Figure 4.1. The high temperature behind the shock wave 
dissociates and ionizes the air molecules containing O2 and N2 into O atoms, N atoms, O+ ions and 
N+ ions. Moreover, the high temperature caused large heat input to the spacecraft.  The change in 
total kinetic energy and potential energy can be applied to explain the reentry phenomena. During 
the start of reentry, the value of entry velocity (𝑉𝑒) and altitude (h) are large. Upon landing or 
impact, both velocity (𝑉) and h are almost zero. Based on the concept of conservation of energy, 
both kinetic and potential energy was converted to heat. Part of the heat is transmitted into the 
spacecraft while the remaining heat is released to the air. Aerodynamic heating is related to friction 
in the boundary layer. The friction between the high-speed flow of gas and the surface of the heat 
shield heats the air. This process results in heat transfer to the surface of the heat shield via 
convective heating [92]. Moreover, a heat shield needs to have excellent specific strength, specific 
rigidity and high resistance to shear loads caused by aerodynamic loading to the surface [93]. 
Therefore, the main function of heat shield design is to minimize heat input to the spacecraft due 
to aerodynamic heating, maximize heat released to the air and to maintain enough structural 
integrity. 
 




The amount of heating going into the surface or heating rate at the stagnation point can be 















(4186.8)   (4.1) 
where ?̇?𝑠𝑡  is the heating rate at stagnation point (W/m2), RN is the nose radius (m), ρ is the 
atmospheric density (kg/m3), 𝜌𝑆𝐿 is the atmospheric density at sea level (kg/m3) and V is the 
velocity (m/s). 
Another mechanism for aerodynamic heating is via radiative heating from the shock area. 
The high temperature behind the shock wave causes energy to be radiated in all directions. Part of 
this radiated heat is absorbed by the spacecraft in addition to the convective heating. However, 
radiative heating is not significant for reentry from LEO. Radiative heating should be taken into 
consideration for high reentry velocity especially above 15 km/s [92].      
The surface temperature during reentry can reach up to 2900 ˚C in the case of the Stardust 
mission [96]. A large amount of heat is enough to decompose and melt the surface material. 
Therefore, there are three approaches in designing a heat shield that can protect the spacecraft from 
high heat: 
1. Heat sink.  
2. Ablation. 
3. Radiative cooling. 
Early intercontinental ballistic missile utilizes the heat sink method for the heat shield. The basic 
concept was to absorb the heat instead of releasing the heat. An increase in the volume of the heat 
sink allows engineers to lower the peak temperature by absorbing more heat. The difficulty with 
the heat sink approach was the heavy mass which limits the amount of payload that can be launch 
to orbit [97].  
Another approach is to apply the concept of latent heat of fusion whereby energy is used 
for the phase change without a change in temperature. Heatshield that applies the concept of latent 
heat is made of a material with high latent heat of fusion. A large amount of heat energy is absorbed 
while the material vaporizes thus protecting the spacecraft primary structure. This process is 
termed as ablation and the heat shield type is defined as an ablative heat shield [97]. In this research, 
PEEK is the matrix used for the heat shield. PEEK has a melting temperature of 343 ˚C [13]. Even 




mission, the vaporization of PEEK while absorbing a large amount of heat will protect the 
spacecraft. During ablation, the resin in the ablator undergoes a pyrolysis reaction resulting in the 
release of pyrolysis gas and the carbonization of the resin while the carbon remains. A porous char 
layer is formed due to the carbonized resin. Pyrolysis gas percolates through the char surface and 
block incoming heat at the surface. At the same time heat is absorbed when the pyrolysis gas flows 
through the char layer. The thermochemical process such as oxidation, sublimation, melting and 
vaporization and mechanical process such as spallation caused the recession of the char layer [3]. 
The effect of the ablation process on an ablative heat shield is summarized in Figure 4.2. The usage 
of the ablative heat shield is suitable for high-temperature applications.  
 
 
Figure 4.2. Cross-section of an ablative heat shield during the ablation process [99]. 
The third approach uses a material with high emissivity to partially radiate heat back to the 
air through emission. As a result, only some of the incoming heat is absorbed into the spacecraft 
structure. Ceramic is one such material that has a high emissivity and melting temperature. 
Radiative cooling has the advantage of being reusable such as the space shuttle heat shield made 
of silicate-based tiles. However, a heat shield that uses radiative cooling is limited to application 




CFRP is one of the common materials for the ablator heat shield. CFRP ablator is a type of 
composite ablative heat shield consisting of a resin and reinforcing material such as carbon fiber. 
Table 4.1 shows examples of missions that utilize a composite ablative heat shield. Genesis space 
probe collected solar particles, Stardust collected samples from Comet Wild 2, Hayabusa collected 
samples of the Itokawa asteroid and USERS was a microgravity experimental satellite that orbited 
in LEO. 
Table 4.1. Details of examples for previous Earth return missions [100]–[102]. 
Mission Agency Heat Shield Material Heat Flux (MW/m2) 
Entry Velocity 
(m/s) 
Genesis NASA Carbon-carbon 7.0 11.0 
Stardust NASA Phenolic impregnated with carbon (PICA) 12.0 12.9 
Hayabusa JAXA Phenolic carbon 15.0 12.2 
USERS JAXA Phenolic carbon 1.5 7.8 
 
This research will study the feasibility of using 3D printed CF/PEEK hereafter referred to as 3D 
CF/PEEK as the material for manufacturing a composite ablative heat shield. The 3D CF/PEEK is 
a carbon fiber reinforced thermoplastic consisting of PEEK resin with carbon fiber as the 
reinforcing material. A future reentry mission utilizing Ten-Koh design plans to use 3D CF/PEEK 
as the material for manufacturing the heat shield. The usage of 3D printing technology allows the 
integration of the heat shield and spacecraft structure as one piece. In Figure 4.3, the proposed 
reentry satellite mission is comprised of only two main structural elements. One of the elements is 
a combination of heat shield and primary structure. This can decrease the part counts as compared 





Figure 4.3. Comparison between Ten-Koh structural assembly on the left with the proposed 
reentry satellite mission on the right. Note the reduction in structural elements. 
4.2 Overview of 3D CF/PEEK Ablator Test 
The main purpose of the 3D CF/PEEK ablator test was to evaluate the effect of thermal cycle 
and UV radiation on the mechanical properties, temperature response and recession characteristics. 
The secondary purpose was to study the effect of different heat flux and to compare the changes 
in the mentioned properties between ablator materials made from 3D CF/PEEK with non 3D 
printed CF/PEEK and CFRP based materials. The 3D CF/PEEK composite was developed by 
AGC Inc. (Tokyo, Japan). The laser-based direct energy deposition (DED) method was used to 
fabricate the samples. Laser based DED uses a laser to heat up a filament made of continuous CF 
and PEEK resin. The filament is then compressed by a roller to bond it to the previous printed 
section. Figure 4.4 shows an illustration of the laser based DED process [103]. Each sample is 
made of various laminates with a 0/90/0 or 0˚ and 90˚ direction stacking sequence. There were two 
groups of test samples. Group A consisted of samples for studying the effect of different heat flux 
on ablator properties. Group B consisted of samples that were exposed to varying numbers of 
thermal cycles and different fluence of UV radiation. Test for group B samples involved a two-
step process. Firstly, test samples were exposed to thermal cycles and UV radiation environment 
depending on the group type. Secondly, test samples from each group were evaluated using a 
tensile test to determine the effect of thermal cycle and UV radiation on tensile strength and 
Young’s modulus. Further, the test samples were exposed to a high-temperature environment in 
an arc heated wind tunnel for evaluation of surface and in-depth temperature response and 





Figure 4.4. Illustration of the laser based DED process [103]. 
 
Figure 4.5. Overview of 3D CF/PEEK ablator test. 
4.3 Thermal Cycle Exposure 
Extended exposure to thermal cycles can affect the properties of 3D CF/PEEK. The large 
number of thermal cycles that a spacecraft will experience during a typical mission makes it 
difficult to perform real-time testing. The solution is to perform thermal cycle exposure at 
accelerated levels. According to previous studies, thermal cycles can induce microcracking in 
CFRP and CFRTP resulting in a possible change to mechanical property [15], [16]. This change 



















model is used to relate field usage to accelerated test conditions. This model is used for estimating 
the temperature cycle acceleration factor. Reasonably estimating the acceleration factor depends 
on the failures being caused by fatigue, subject to the Coffin-Manson law for cyclic strain versus 
the number of cycles to failure as was shown in Equation (3.10) [14], [91]. When applied to an 
accelerated thermal cycling sequence, the temperature cycle acceleration factor can be estimated 
using Equation (3.11). There were two types of samples exposed to a different number of thermal 
cycles. The first type was for tensile test purposes while the second type was for arc heating test 
purposes. Both samples were made of 3D CF/PEEK. Figure 4.6 and Figure 4.7 show the CAD 
drawing for the arc heating test and tensile test samples respectively. Table 4.2 shows the list of 
samples exposed to thermal cycle. 
 
 
Figure 4.6. CAD drawing of 3D CF/PEEK arc heating test sample. 
 





Table 4.2. List of samples exposed to thermal cycle. 









Tensile test 2800 2 





0/90/0 4200 2 
5600 2 
 
The Despatch 935E-1-4-120 (Despatch Industries, Minneapolis, USA) was used to create the 
thermal cycle conditions. Figure 3.16 shows the thermal cycle chamber which was also used for 
the material mission thermal cycle. The specification of the thermal cycle chamber was shown in 
Table 3.10. All samples were mounted on a customized aluminum rack. The rack was shared with 
test samples used in another test. Figure 4.8 shows the test samples in the thermal cycle chamber 
before the start of thermal cycle exposure. 
 
 




An accelerated thermal cycle condition was performed for a temperature range between -70˚C to 
140˚C. The thermal cycle involved heating in air and cooling using liquid nitrogen. The ∆Ttest is -
70˚C to 140˚C and the ∆Tuse is -40˚C to 50˚C. The ∆Tuse was based on a previous microsatellite 
external structure temperature measurements [104]. The number of actual cycles in orbit was 
calculated based on the assumption that the orbital period was equivalent to the International Space 
Station (ISS) orbital period of approximately 90 minutes [62]. The number of thermal cycles for 
the ground test was calculated using Equation (3.11). The calculated number of thermal cycles is 
shown in Table 4.3. The heating and cooling rate or ramp rate was approximately 6 ˚C/min. The 
soaking period was 7 minutes to allow uniform distribution of heat over each test sample. The 
profile for one thermal cycle is shown in Figure 4.9.    
Table 4.3. The number of accelerated thermal cycles for the ground test with the actual number 
of thermal cycles in orbit. 
Mission Life 
(months) 
Number of Thermal Cycles 
in Ground Test 
Approximate Number of 
Thermal Cycles in Orbit 
6 17 2800 
9 26 4200 
12 35 5600 
 
 




4.4 Ultraviolet Radiation Exposure 
As previously discussed in Chapter 2, prolong exposure to UV radiation can affect the 
mechanical properties and structure of materials in LEO. Therefore, the tensile test and arc heating 
test samples were exposed to various UV fluence. The test samples exposed to UV radiation have 
similar dimensions to samples exposed to thermal cycle. Two types of samples were exposed to 
varying UV fluence. The first type was for tensile test purposes while the second type was for arc 
heating test. Both samples were made of 3D CF/PEEK. Figure 4.6 and Figure 4.7 show the CAD 
drawing for the arc heating test and tensile test samples respectively. Table 4.4 shows the list of 
samples exposed to UV radiation. 
Table 4.4. List of samples exposed to UV radiation. 





Tensile test 15 2 
3 layers, 0/90/0 30 2 
45 2 
Arc heating test 15 2 
0/90/0 30 2 
45 2 
                     Note: 
1. ESD refers to Equivalent Solar Day. 
 
Figure 4.10 shows the UV chamber used for the UV radiation test (WorldJB, Taito, Japan). The 
UV chamber cannot create a vacuum. A fluorescent lamp was used to provide UV irradiation 
(G6T5, Sankyo-Denki, Kanagawa, Japan). In Chapter 2 it was mentioned that UV-C has enough 
energy to break several chemical bonds hence the decision to install a lamp capable of producing 
UV-C wavelength. The spectral energy distribution of the lamp is shown in Figure 4.11. The peak 






Figure 4.10. UV chamber used for exposure to UV radiation. 
 
Figure 4.11. The spectral energy distribution of the UV lamp installed in the UV chamber [105]. 
Total energy from the sun over the whole electromagnetic spectrum is 1 solar constant or 
equivalent to 1366 W/m2 or 0.1366 W/cm2. Total energy attributed to UV radiation is 
approximately 9% of the total energy from the sun which is approximately 118 W/m2 or 11.8 
mW/cm2. The value of 11.8 mW/cm2 is also termed as the UV irradiation intensity in Earth’s orbit 
or 1 UV sun and is applicable for wavelength ranging from 200 to 400nm at 1 astronomical unit 




254nm which has a UV irradiation intensity of approximately 700 µW/cm2 [107]. In a previous 
study, it was shown that the elongation at break for PEEK became almost constant after exposure 
at a fluence above 30 ESD [41]. It can be inferred that UV degradation became limited above 30 
ESD. Therefore, the range of UV fluence for UV exposure was constraint between 15 to 45 ESD. 
However, performing a test for 45 days to achieve 45 ESD makes it difficult to perform real-time 
testing. Therefore, the application of accelerated testing managed to reduce actual test time as 
shown in Table 4.5. To maintain the same fluence level with less testing time, the UV irradiation 
intensity was increased by the acceleration factor of three. This was achieved by decreasing the 
distance between the test sample and the UV lamp by 5 cm. The distance was obtained based on 
Figure 4.12 which shows the relationship between UV irradiation intensity and distance between 
the UV lamp and test sample.   
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Figure 4.12. The relationship between UV irradiation intensity and distance between the UV 




The test condition is shown in Table 4.6. A previous study has shown that UV degradation can be 
affected by temperature [108]. Therefore, the sample temperature was set to 50.0 ˚C to simulate 
UV degradation in space. The 50.0 ˚C is the estimated maximum temperature based on a thermal 
simulation of a small satellite in LEO. 
Table 4.6. UV irradiation conditions. 
Specification Description 
Wavelength (nm) 253.7 
UV fluence (ESD) 15, 30, 45 
UV intensity (W/m2) 20.5 
Pressure in UV chamber (Pa) 1.013 × 105 
Sample temperature (˚C) 50.0 
4.5 Arc Heating Test 
A high-enthalpy heating test is an essential test for analyzing the temperature response and 
recession characteristics of 3D CF/PEEK. An arc jet type arc-heater can provide the necessary 
heating environment to perform the test.  The ablator samples were exposed to high-temperature 
flow using an arc heated wind tunnel located in the JAXA Institute of Space and Aeronautical 
Science (ISAS) in Sagamihara, Japan. Figure 4.13 shows the arc heated wind tunnel in ISAS. The 
tests performed for the current study on 3D CF/PEEK can be classified into two groups which 
were earlier tests conducted in January 2019 and the recently conducted in December 2019. The 
first group consisted of four samples exposed to a different amount of heat flux. The purpose was 
to study the effect of different heat flux on the temperature response and recession characteristics. 
The second group consisted of 16 samples exposed to the thermal cycle and the UV radiation 
environment. The purpose was to observe the effect of long-duration exposure to thermal cycle 
and UV radiation on the mechanical properties, temperature response and recession characteristics. 
Each sample is made of various laminates with a 0/90/0 or 0˚ and 90˚ direction stacking sequence. 
Figure 4.14 shows a side view of the sample before the arc heating test with the distinctive 
laminates. Table 4.7 outlines the properties of the material for the ablator sample. The CAD 
drawing of the sample is shown in Figure 4.6.  
Table 4.8 outlines further details on the different sample categories. The base sample refers 






Figure 4.13. Arc heated wind tunnel facility located in JAXA ISAS. 
 
Figure 4.14. Side view of the ablator sample before the arc heating test showing the laminate 
structure. 
  Table 4.7. Properties of 3D CF/PEEK ablator material. 
Property Description 
Volume of fiber, Vf of ablator (%) 56.5 
The volume of matrix, Vm of ablator (%) 43.5 
Fiber form Continuous carbon fiber 
Fiber stacking/orientation 0/90/0… 
Density (g/cm3) 1.41 
 



































2800  1405.9 
B2  1414.4 
C1 4200  1412.2 
C2  1411.7 
D1 5600  1409.1 
D2  1412.2 
E1 UV radiation  15 1409.1 
E2  1413.3 
F1  30 1410.6 
F2  1410.6 
G1  45 1411.2 
G2  1419.7 
  
The distance between the wind nozzle and the sample surface was 100mm. The heat flux varied 
between 5.0 and 14.2 MW/m2 for the January 2019 test campaign. Moreover, the heating duration 
varied between 10s and 20s for the January 2019 test campaign. For the December 2019 test 
campaign, the heating duration and heat flux remained the same for all samples at 5.0 MW/m2 and 
20s respectively. The gas flow used during the heating test was air. Table 4.9 shows the test 
conditions for the arc heating test. The surface temperature was measured using an infrared 
thermometer or pyrometer. The thermometer has a sensor that detects the infrared radiation on the 
sample surface. A type-K thermocouple was used to measure the internal temperature of the 
sample in the direction of the heat flow. The internal temperature was measured at 5mm, 10mm 
and 20mm from the sample surface. Figure 4.15 shows the location of each thermocouple within 
the sample. A Bakelite casing acts as a heat insulator to house each sample. The Bakelite tube was 
wrapped with glass cloth to reduce lateral heating of the sample and simulate one-dimensional 
heating. The purpose of the one-dimensional heating was to facilitate future comparison between 




thickness of each sample were measured before and after each test to evaluate the surface recession 
and mass loss rate for each sample. Figure 4.16 shows the completed sample assembly before the 
arc heating test. Figure 4.17 shows the sample during the heating test. 
 
 
Figure 4.15. Location of thermocouples within the sample including the direction of heat flow. 
The acronym TC refers to the thermocouple. 
 
                                (a)                                                             (b)                               
Figure 4.16. Completed sample wrapped in glass cloth and Bakelite attached to the sample 





Figure 4.17. View of ablator sample inside the arc heating chamber during the test. 
Table 4.9. Test conditions for arc heating test. 







G1 5.0 20 12.46 
G2 14.2 10 60.76 
H1 5.0 20 12.46 
H2 14.2 10 60.76 
December 
2019 
A1 5.0 20 12.46 
A2 5.0 20 12.46 
A3 5.0 20 12.46 
A4 5.0 20 12.46 
B1 5.0 20 12.46 
B2 5.0 20 12.46 
C1 5.0 20 12.46 
C2 5.0 20 12.46 
D1 5.0 20 12.46 
D2 5.0 20 12.46 
E1 5.0 20 12.46 
E2 5.0 20 12.46 
F1 5.0 20 12.46 
F2 5.0 20 12.46 
G1 5.0 20 12.46 
G2 5.0 20 12.46 
4.6 Tensile Test 
During reentry, the heatshield of a spacecraft must endure aerodynamic heating and loading. 




ablative heat shield and as a structural member of the spacecraft. The ablator material needs to 
have specific strength and specific rigidity [93]. Both of the mentioned properties are dependent 
on tensile strength and Young’s modulus [109]. Therefore, tensile tests were conducted after 
environmental exposure to evaluate the effects of thermal cycling and UV radiation on the tensile 
strength and Young’s modulus. The tensile test was performed by Agne Technical Center Co. Ltd. 
The test speed was 1 mm/min, the gripping distance was 50 mm, and a strain gauge was used to 
measure the elastic modulus. The CAD drawing of the tensile test sample was shown in Figure 4.7 
while Figure 4.18 showed an actual test sample before the tensile test. Fourteen tensile test samples 
comprising base samples, thermally cycled samples and UV irradiated samples were evaluated 
using tensile test as shown in Table 4.10. The base sample refers to samples that were not exposed 
to the thermal cycle and UV radiation. 
 
 
Figure 4.18. Tensile test sample. 
Table 4.10. Different sample types for the tensile test. 







Dimension 𝐋𝐞𝐧𝐠𝐭𝐡 × 𝐖𝐢𝐝𝐭𝐡 ×
𝐓𝐡𝐢𝐜𝐤𝐧𝐞𝐬𝐬 (mm) 
A1 Base sample   






A5 4200  
A6  
A7 5600  
A8  
A9 UV radiation  15 
A10  
A11  30 
A12  





 RESULTS OF TEN-KOH MATERIAL MISSION EXPERIMENT 
5.1 Ground Test Result 
5.1.1 Strain Gauge Attachment Test 
Figure 5.1 shows the result of the strain gauge attachment test. During the test, the 
temperature varied between 16°C and 106°C to simulate the expansion of the CF/PEEK sample. 
Strain measurement showed that the trend in strain variation from the thermal welded method was 
consistent with the adhesive method. The difference in strain measurement between both methods 
was approximately 5% when the temperature reached approximately 105˚C. From the results of 
this test, it was observed that the strain gauge embedded in the material by thermal welding was a 
viable attachment method. 
 
 
Figure 5.1. Comparison of strain measurement between strain attached using thermal welding 
and adhesive method. Temperature measurement shows the heating profile during the test. The 
strain difference between both methods was approximately 5%. Therefore, the thermal welding 




5.1.2 Strain Gauge Circuit Test 
Table 5.1 shows Young’s modulus measured using a dynamic strainmeter and six strain 
gauges. The relative error was calculated using the value from a dynamic strainmeter as the 
reference value. The relative errors for all strain gauges were within 3% of the reference value. 
Only strain gauge three and six have relative errors of more than 1%. The slight offset of the strain 
gauge alignment is suspected to contribute to this increase in error. The results show considerable 
accuracy of the strain gauge circuit when compared to a dynamic strainmeter.  
Table 5.1. Results of Young’s modulus measured during the strain gauge circuit test.  
Equipment Young’s Modulus (GPa) Relative Error (%) 
Dynamic strain meter 72.29 0.00 
Strain gauge 1 72.42 0.18 
Strain gauge 2 71.79 0.70 
Strain gauge 3 73.11 1.12 
Strain gauge 4 72.62 0.45 
Strain gauge 5 71.69 0.84 
Strain gauge 6 73.91 2.10 
5.1.3 Full System Test 
Table 5.2 lists the maximum, minimum and median values for the difference between 
temperature measured by temperature sensor and thermocouple in each phase for each sample. 
Sample 1 refers to the sample with no protective coating; sample 2 refers to the sample with UV 
protective coating, and sample 3 refers to the sample with AO protective coating. The Median was 
included to provide an accurate assessment of the difference. In the case of sample 3, the median 
difference was within ±1 °C. This was within the measurement error range for AD590 which is 
±1 °C as stated in the datasheet [87]. Sample 1 showed the same median deviation range except 
during the increasing phase. However, for sample 2, the median deviation range is up to 2.67 °C 
during the increasing phase. The MM temperature measurement method used an indirect method 
to measure heat. Therefore, there was additional heat input from the external PCB that has a minor 
effect on the temperature readings. In terms of the overall trend, there is no adverse difference 
between the temperatures recorded by thermocouples and temperature sensors. The MM 




Table 5.2. Maximum, minimum and median value for the difference between temperature 
measured by temperature sensor and thermocouple in each phase for each sample. 
Test Phase 



















Equilibrium 0.71 −0.31 0.43 2.29 1.18 1.89 0.55 −0.56 0.10 
Increasing 
Temperature 2.36 0.09 1.45 3.72 0.40 2.67 2.00 −0.71 0.68 
Decreasing  
Temperature 2.22 −2.30 −0.07 3.90 −0.79 1.59 1.32 −2.96 −0.64 
Note: 
1. Max. refers to maximum. 
2. Min. refers to minimum. 
 
The overall results from the ground test are shown in Figure 5.2. For each data point, the 
median values of strain and temperature range were used for the calculation of CTE. Figure 5.2 
showed that the value of CTE varied with increasing temperature. This was consistent with results 
from previous studies [13], [43], [110], [111]. Sample 2 had the highest range of CTE compared 
to sample 1 and 3. CTE varied between 2.98 and 3.99 ppm/˚C for sample 1 and between 2.93 and 
3.23 ppm/˚C for sample 2 for temperature up to 10 ˚C. However, after 10 ˚C there was a big 
increase in CTE value up to a maximum of 8.37 ppm/˚C and 9.95 ppm/˚C for samples 1 and 2, 
respectively. For sample 3, CTE remained stable until 17 ̊ C before increasing to 4.15 ppm/˚C. The 
difference in CTE values between all samples was due to misalignment between strain gauge 
elements and the sample fiber direction. A comparison was performed between the median TMA 
value of 3.11 ppm/˚C and all the samples. Sample 1 had the smallest difference between median 
CTE value and the TMA value, which was 0.14 ppm/˚C. Sample 2 had the largest difference 
between median CTE value and the TMA value which was 0.74 ppm/˚C. Overall, the measurement 
error range between the median TMA value and sample values was approximately within the range 
of ±1.00 ppm/°C. The minimal error can be considered within measurement tolerance. The MM 





Figure 5.2. Comparison of CTE measurements between samples 1, 2 and 3 from the full system 
test. All samples showed an increase in CTE with increasing temperature. The difference in CTE 
between all samples was due to misalignment between strain gauge elements and sample fiber 
direction. 
5.1.4 Thermal Cycle Exposure Test 
Figure 5.3 shows the comparison in CTE measurement between samples with different 
numbers of thermal cycles. Sample 1 was exposed to thermal cycles equivalent to four months in 
space. Sample 2 was exposed to eight months thermal cycle equivalent while sample 3 equivalent 
to one year thermal cycle. All samples showed that CTE varies with temperature in a non-linear 
pattern. The CTE value for sample 1 increased gradually with an increase in temperature. 
However, the CTE for sample 2 increased gradually until 0 ˚C before oscillating within a small 
range of CTE with an average of 3.73 ppm/ ˚C. Sample 3 showed a gradual increase in CTE until 
10 ˚C before decreasing 2.28 ppm/ ˚C and subsequently increasing back to 3.17 ppm/ ˚C. There is 
a limited increase in CTE after 0 ˚C for samples 2 and 3. However, the CTE continued to increase 
consistently for sample 1 after 0 ˚C.  It is suspected that from -20 ˚C to 0 ˚C, fiber dominated the 
CTE value. As the temperature increased above 0 ˚C, the matrix dominated the CTE value which 




have damaged the matrix structure through the formation of microcracks [43]. As a result, fiber 
continues to dominate the CTE value in the region above 0 ˚C. This explains the reason for the 
limited increase in CTE value above 0 ˚C for samples 2 and 3 unlike sample 1. In terms of the 
overall trend in CTE with temperature, the CTE curve shifted downwards when comparing sample 




Figure 5.3. Comparison in CTE measurement between samples with different numbers of 
thermal cycles. The CTE curve shifted downwards with an increase in the number of thermal 
cycles. 
5.2 In-orbit Results 
MM operations were performed from 9 November 2018 to 19 March 2019. A total of 101 
measurements were performed during the mentioned period. The measurements were not always 
performed at the same time for each day. Moreover, measurements were not acquired daily due to 
the limited pass time and data downlink slot availability. These limitations were discussed earlier 




5.2.1 Temperature Measurement 
The time history of temperature measured in-orbit is shown in Figure 5.4. The temperature 
varied approximately between −40 and 20 °C for each orbit. This was within the temperature 
sensor measurement range of −55 and 150 °C [87]. All samples displayed approximately similar 
temperature readings. MM sessions operated during different times for each session. This explains 
the difference in temperature reading for each session as shown in Figure 5.4. Temperatures were 
generally positive during daylight pass and negative during night-time pass. Occasionally, the 
temperature was negative during daylight pass, which was due to MM external PCB facing away 
from sunlight. A comparison was performed with measured temperature value from temperature 
sensors on six solar panels (SP) nearest to the MM. Each solar panel has a temperature sensor like 
the one used for MM. The location of six solar panels near MM is shown in Figure 5.5. The purpose 
of the comparison was to validate the MM temperature sensor reading. The measured temperature 
from MM was within the range of the upper and lower limit from the solar panels, which was 75 
and −50 °C, respectively as shown in Figure 5.5. It should be noted that there were minor variations 
between MM temperature sensors and solar panels. The temperature sensor of a solar panel was 
attached to aluminum. The thermal conductivity of aluminum is higher compared to CF/PEEK 
which contributed to the variation. Based on measured data and comparison with solar panels, the 





Figure 5.4. Temperature history for each sample. The in-orbit temperature variation was within 
the temperature sensor measurement range and temperature measurement from the solar panels. 




Figure 5.5. In-orbit temperature measured using temperature sensors on solar panels. (a) 




5.2.2 CTE Measurement 
The changes in CTE against temperature for samples 1, 2 and 3 are shown in Figure 5.6. 
Sample 1 refers to the sample without a protective coating; sample 2 refers to the sample with AO 
protective coating, and sample 3 refers to the sample with UV protective coating. The CTE showed 
a non-linear temperature dependence, which was consistent with results from previous studies [13], 
[43], [110], [111]. Each data point represents the median CTE value calculated based on a range 
of temperature and strain measurements during a mission operation session. Moreover, each data 
point represented measurement from different dates or different times within the same day. Each 
operation session has a varying degree of heating or cooling rate due to the absence of an active 
attitude control system (AACS) in Ten-Koh. The variation in heating or cooling rate resulted in 
the scattered CTE values [112], [113]. Further discussion on the effect of variation in heating or 
cooling rate on the CTE values will be provided in the subsequent section. The curves for each 
sample consisted of scattered data points but follow a consistent upward trend. A bisquare method 
was used to fit a second-order polynomial curve due to the degree of distribution. The curve fit 
expressions for each curve were provided in the caption of Figure 5.6. Figure 5.6 also showed a 
high concentration of CTE values between −10 and 10 °C. Limited satellite pass time, 
communication bandwidth and operation time due to other onboard experiments placed a 
constraint on material mission operation duration. Therefore, the average number of measurement 
sessions was approximately one operation per day, which limits the potential to measure CTE 
values at a wider range of temperatures. A comparison of CTE between samples shows a varying 
CTE curve. Sample 3 had the highest CTE values followed by samples 1 and 2. The difference in 
CTE values between all samples was due to a slight strain gauge misalignment with respect to the 
fiber direction. The strain gauge misalignment will be further discussed in the subsequent section. 
Table 5.3 shows the average change in CTE per ˚C. Between −10 and 10 °C, all sample curves 
showed a gradual variation in CTE with temperature between 0.064 and 0.094 CTE/˚C. However, 
the variation in CTE sharply increased after 10 °C with a maximum value of 1.018 CTE/˚C for 





Figure 5.6. Comparison of in-orbit CTE measurements between samples 1, 2 and 3. The CTE for 
all samples showed a non-linear temperature dependence with a consistent upward pattern. The 
difference in CTE values between all samples was due to a slight strain gauge misalignment with 
respect to the fiber direction. 
Table 5.3. The average change in CTE with increasing temperature. 
Sample Average CTE Change (CTE/˚C) −10 to 10 °C >10 °C 
1 0.064 0.550 
2 0.169 1.018 
3 0.094 0.771 
 
In-orbit temperature data was comparable with temperature data from nearby solar panels. 
CTE variation with temperature was consistent with results from previous studies. Based on Figure 
5.6, the plot shows an upward curve pattern. In a CF/PEEK composite, the CF has a lower CTE 
compared to PEEK or the matrix [43]. Based on Figure 5.6, all samples exhibit a similar upward 
curve. At temperature below 10 °C, CTE is lower and almost constant compared to above 10 °C. 
At lower temperatures, the shrinking matrix is constrained by the fibers. Thus, fibers are dominant 
in lower temperatures. As the temperature rises above 0 °C, the CTE values begin to increase in a 




affecting the CTE values of CF/PEEK. Figure 5.6 showed scattered CTE points but with a 
consistent upward curve. The difference in heating and cooling rate in LEO affected the change in 
CTE. This resulted in the scattered points for CTE values. The effect of the variable heating and 
cooling rate on CTE had been shown in previous studies [112], [113]. In the case of Ten-Koh, the 
variation in the heating and cooling rates was due to the following:  
1. Phases of Ten-Koh’s orbit, e.g., in the eclipse or the sunlit phase. 
2. The orientation of MM external PCB with respect to the sun. 
3. Ten-Koh’s rate of rotation. 
4. Ten-Koh’s direction of rotation. 
Variable number two, three and four from the previous list was due to the absence of an 
AACS. The changing rate of rotation for Ten-Koh is shown in Figure 5.7. The measured rate of 
rotation was recorded using onboard gyroscopes. Based on Figure 5.7, there are different rates of 
rotation during a single operating session. This is due to the absence of an AACS causing multiple 
points at the operation session. The mentioned variables affected the heating and cooling rate of 
MM samples through the amount of change in temperature and time. Figure 5.8 showed the 
variation in heating and cooling rate for the sample with UV coating between December 2018 and 
March 2019. The heating rate varied between 0.39 and 3.24 ̊ C/minute while the cooling rate varied 
between −0.20 and −1.60 ˚C/minute. The cooling phase occurred mainly during Ten-Koh’s late-
night passes over KIT ground station when Ten-Koh was in Earth’s shadow. The heating phase 






Figure 5.7. Ten-Koh angular rotation for X, Y and Z axis recorded using the onboard gyroscope. 
The changing rate of rotation for Ten-Koh was due to the absence of an AACS. 
 
Figure 5.8. Variation in the heating and cooling rates for MM samples between December 2018 




Further analysis was performed to compare results from the ground validation test and in-
orbit data. Figure 5.9 showed a comparison between ground validation tests and in-orbit data. All 
plots in Figure 5.9 showed minor changes or near stable CTE values between −10 to 10 ̊ C for both 
ground and in-orbit data. The change in CTE increased sharply after 10˚C for ground and in-orbit 
data except for sample with AO coating. This sample showed increased CTE at a later temperature. 
Table 5.4 shows the average change in CTE with temperature for ground and in-orbit data. Based 
on Table 5.4, there was a difference in CTE value especially in the region below 10 ˚C for the 
sample with no coating and sample with UV coating. 
 
 
Figure 5.9. Comparison of CTE values between ground validation test data and in-orbit data for 
all samples. (a) Sample with no coating; (b) sample with AO coating; (c) sample with UV 
coating. The CTE values showed minor changes between −10 to 10 ˚C before a sharp increase 







Table 5.4. Comparison of the average change in CTE with temperature for ground and in-orbit 
data. 
Sample Type Data Source Average CTE Change (CTE/˚C) −10 to 10 °C >10 °C 
No coating Ground 0.021 0.59 
In-orbit 0.064 0.55 
AO coating Ground 0.013 0.16 
In-orbit 0.170 1.02 
UV coating Ground 0.012 0.74 
In-orbit 0.094 0.77 
 
Table 5.5 showed the difference in CTE between the ground and in-orbit data for all MM 
samples. The sample with no coating had the largest CTE difference while the sample with AO 
coating had the smallest CTE difference for temperatures below 10 ˚C. In the temperature range 
above 10 ˚C, the sample with AO coating had the largest CTE difference while other samples 
showed nearly similar CTE values between the ground and in-orbit data. 
Table 5.5. Comparison of the difference in CTE between the ground and in-orbit data. 
Sample Type −10 to 10 °C >10 °C 
No coating 1.94 0.60 
AO coating 1.00 3.37 
UV coating 1.53 0.82 
 
The difference in heating and cooling rate between ground test conditions and the LEO 
environment caused the difference in the average change in CTE with temperature. The heating 
and cooling rates for the ground validation test were 1.0 ˚C/minute and −0.5 ˚C/minute, 
respectively. The ground validation test was performed in a single day with the same heating and 
cooling rate. The ground validation test was focused on testing the feasibility of the MM 
measurement system. The test did not accurately simulate the actual conditions in the LEO 
environment and the absence of an AACS in Ten-Koh. This includes the variation in heating and 
cooling rate in-orbit.  
5.2.3 Strain Gauge Offset Test 
The difference in CTE as shown in Table 5.5 between ground test and in-orbit data was caused 




gauge misalignment also caused the minor difference in CTE between MM samples in-orbit as 
shown in Figure 5.6. A strain gauge misalignment test was performed to compare the CTE values 
for different offset positions of the strain gauge with respect to the fiber direction. As a result, the 
change in CTE with temperature varied between ground test and in-orbit data. 
Strain measurements from three identical CF/PEEK samples were compared using a hot press 
machine shown in Figure 3.11. The CF/PEEK samples have similar material properties but 
different dimensions compared to the samples flown to orbit. The sample dimension was 50 mm 
long, 10 mm wide and 1 mm thick. A strain gauge was attached to each sample using adhesive to 
provide strain measurements. Each strain gauge is a single 0°/90° 2-element rosette stacked type 
strain gauge. There were three test scenarios with each scenario representing a different orientation 
of the strain gauge with respect to the fiber direction. The strain gauge orientation for each scenario 
is shown in Figure 5.10. The rationale behind the differing orientation was to observe changes in 
CTE variation with different offset positions. A thermocouple was attached to the top of each 
sample for temperature measurement. Figure 5.11 shows the test assembly for the offset test. In 
each scenario, samples were placed on the lower part and enclosed with a 5 mm-thick metal jig to 
maintain a constant heat on the sample from the heat press. The thermocouple was connected to a 
data logger, and the strain gauge was connected to a dynamic strainmeter to record data during the 
test. Test temperature was varied between 30 and 50 °C to stimulate expansion to the CF/PEEK 
sample. The heating rate was approximately 1 °C/min.  
 
 





Figure 5.11. Test assembly for strain gauge offset test with a closeup view of the strain gauge on 
one sample. 
Figure 5.12 showed changes in CTE due to variation in the orientation of the strain gauge 
with respect to the fiber direction. In the first scenario, the strain gauge was aligned to the 90° and 
0° fiber direction. This scenario was the reference for CTE comparison. Figure 5.12a showed the 
CTE for strain gauge element 1 aligned to 90° fiber direction. Figure 5.12b showed the CTE 
readings for strain gauge element 2 initially aligned to 0° fiber direction. The direction of the shift 
in CTE was shown by the dotted red arrow in Figure 5.12. In Figure 5.12a, scenario 3 exhibited 
the largest shift in CTE to negative. Moreover, the shift in CTE towards negative increased as the 
angle between element 1 and 90° fiber direction increased from 0° to 60°. The same pattern was 
shown in Figure 5.12b for the angle between element 2 and 0° fiber direction albeit in a lower shift 
increment. It is observed that the same pattern appeared in the in-orbit data shown in Figure 5.6 
with different CTE for each sample and in Figure 5.9 for CTE comparison between the ground and 
in-orbit data. Therefore, misalignment of strain gauge with respect to fiber direction caused the 





Figure 5.12. Changes in CTE due to various offset positions. (a) Changes in CTE for element 1 
of strain gauge initially aligned to 90° fiber direction.; (b) Changes in CTE for element 2 of 
strain gauge initially aligned to 0° fiber direction. The CTE values shifted downward as the 
strain gauge rotates with respect to fiber direction as shown by the red arrow. Therefore, the 
misalignment of strain gauge with respect to fiber direction caused the difference in CTE for 
different samples.  
5.3 Long Term CTE Measurement 
5.3.1 Long Term CTE Result 
In terms of long-duration observation, there was no shift in CTE values for up to 4 months 
or 120 days as shown in Figure 5.13. The CTE variation remains reasonably similar up to 120 days. 
There was no upward or downward shift in the CTE curve. However, there were no additional in-
orbit data after 4.5 months due to a loss of communication between Ten-Koh and KIT ground 
station on 19 March 2019. The likely reason for Ten-Koh failure was due to radiation damage 
triggered by a single event effect [114]. Currently, recovery operations are still trying to recover 
normal Ten-Koh functions. Nevertheless, these results provide compelling evidence that the MM 





Figure 5.13. Monthly CTE measurement. (a) Sample with no coating; (b) sample with atomic 
oxygen (AO) coating; (c) sample with ultraviolet (UV) coating. There was no shift in CTE 
values for up to 4 months. 
5.3.2 Comparison of In-orbit and Thermal Cycle Exposure Test 
Further analysis was performed to compare the results from the thermal cycle exposure test 
and in-orbit data as shown in Figure 5.14. The comparison was focused on comparing samples 
exposed to four months of thermal cycle. The main reason being the only available in-orbit data 
was up to approximately four months. The upward trend in CTE with temperature is consistent 
between the thermal cycle test and in-orbit data. However, there is a minor difference in CTE value 
between in-orbit and thermal cycle data for the four months exposure. The difference in CTE value 
remained almost constant with an average difference of 1.64 ppm/˚C until 10 ˚C. Above 10 ˚C, the 
difference in CTE was random. A previous study mentioned that outgassing of moisture from 
samples can affect the CTE value [115]. Strain gauge misalignment with fiber direction might have 




to the near-constant heating rate of 6 ̊ C/min for the thermal cycle test resulted in the sharp increase 
in CTE after 10 ˚C compared to the gradual increased in CTE value for the thermal cycle test. 




Figure 5.14. Comparison in CTE value between thermal cycle exposure test and in-orbit result. 
The upward trend in CTE is consistent between the ground test and in-orbit data. However, there 
is minor difference between both sets of data. Overall, the ground test and in-orbit data showed 
reasonable agreement. 
5.3.3 Comparison of In-orbit and NASA LDEF Result 
There was no shift in CTE values for up to four months as shown in Figure 5.13. The result 
is in line with previous studies. However, in-orbit data was limited to four and a half months due 
to loss of data reception from Ten-Koh. A previous study showed that 100 thermal cycles from 
−160 to +120 °C produced a minor change in CTE of CF/PEEK composites, the main reason being 
the tough property of the PEEK matrix [13]. Previously in 1984, NASA conducted the LDEF 
mission. Several materials were exposed to the LEO environment including CF/Epoxy samples. 




CTE values [7]. Selected results are shown in Table 5.6 below. As mentioned in the Introduction, 
microcracking induced by thermal cycling can affect CTE [13], [15], [16]. Thermal cycle can be 
considered as low-cycle thermal fatigue [14]. In a thermoset composite such as CF/Epoxy, internal 
stress due to fatigue causes internal cracks. However, the internal stress is absorbed by the internal 
structure of CF/PEEK instead of cracking [13]. Therefore, it is predicted that the change in CTE 
for CF/PEEK will be almost like CF/Epoxy samples. Based on the thermal cycle test, the average 
CTE value changed from 4.21 ppm/ ˚C for four months exposure equivalent to 2.94 ppm/ ˚C for a 
one-year exposure equivalent. A comparison with LDEF results showed reasonable agreement in 
the magnitude of change in CTE. These findings supported previous ground test and in-orbit data 
showing that the CTE value for CF/PEEK remains invariant up to one year. 
Table 5.6. A partial list of CTE data obtained from the LDEF experiment for CF/Epoxy samples 
[7]. 





T300/5208 Epoxy Tube [4 × 90°] 90 28.1 22.5-27.5 
T300/934 Epoxy Flat [4 × 0°] 0˚ 2.38 6.0 
90˚ 26.5 25.0-27.0 
T300/SP-288 Epoxy Tube [4 × 0°] 0˚ 1.75-2.83 -2.05-6.0 
90˚ 26.3 24.5-25.7 
Note: 
1. The first number in the bracket refers to the number of plies while the second number refers to the 
orientation of each ply. 
5.4 Issues with Ten-Koh and Material Mission 
5.4.1 Loss of communication with Ten-Koh 
There was no additional in-orbit data after 4.5 months due to a loss of communication 
between Ten-Koh and the KIT ground station on 19 March 2019. The last data from the MM was 
received on 18 March 2019 between 15:15:43 and 15:16:24 Coordinated Universal Time (UTC). 
The last decoded data indicated that the experiment was functioning within normal parameters. 
However, limited beacon was still received from Ten-Koh. An earlier investigation revealed that 
the Ten-Koh failure was likely due to radiation damage triggered by a single event effect. Ten-
Koh traveled twice over the South Atlantic anomaly region before a loss of signal on 19 March 




investigation explained that the geomagnetic activity had likely caused a disturbance in the trapped 
radiation over the South Atlantic anomaly region. This, in turn, caused a single event effect that 
may have caused Ten-Koh failure [114]. On 14 May 2019, Ten-Koh briefly re-established limited 
communication. However, further material mission data and other onboard experiment data were 
not received. On 4 September 2019, communication was again lost between Ten-Koh and the 
ground station. At the time of writing, Ten-Koh did not re-established communication after the 
second loss of communication. Mission operations are still performed in the possible event that 
Ten-Koh re-establishes communication. 
5.4.2 UV sensor 
Initially, two UV sensors were to be installed on the external PCB. The purpose of the UV 
sensors was to measure UV intensity and to compare with readings from the ISS since Ten-Koh is 
orbiting at a different altitude. One sensor that can only detect UV-C will be enclosed in the 
aluminum box and another sensor that can detect all UV wavelengths will be located adjacent to 
the box. Figure 3.3 showed the location of the UV sensor box. The window of the aluminum box 
was planned to be composed of two UV filters. The filters function to filter out UV-A and UV-B, 
thus allowing the enclosed UV sensor to focus on measuring UV-C radiation. The UV-C 
wavelength in LEO is between 200 nm and 280 nm with a mean energy of 122.6 Kcal/mole or 4.4 
eV. UV-C has sufficient energy to break several chemical bonds thus causing potential sample 
degradation [50]. This was the reason for applying UV filters for one of the UV sensors. By being 
selected as a secondary payload, the delivery time was primarily dependent on the primary payload. 
The satellite had to be flight-qualified within a constrained schedule. This limits the development 
time and reduces further tests during assembly and integration. Unfortunately, a crack was 
observed on the UV filter during a shock test of the whole of the Ten-Koh structure as shown in 
Figure 5.15. As a result, the mechanical design for securing the UV filter was not qualified for 
flight. Changes to the mechanical design were not feasible due to the fixed delivery time. Due to 
possible hazards posed to other payloads in the event of a broken filter, both UV sensors were 






Figure 5.15. Photo of the broken UV filter after the Ten-Koh shock test. 
5.5 Future Improvements 
The ground test can assist in validating in-orbit data and provide a better understanding of 
CTE degradation in LEO. Previously discussed ground tests were limited to validating the concept 
of the MM and for flight qualification of the MM components. Only the thermal cycle exposure 
test was performed to study one of the degradation factors in LEO. The next step will be to conduct 
further ground tests to expose the CF/PEEK samples to different fluence levels of atomic oxygen 
and UV and different sample heating and cooling rates. This will provide a correlation between 
in-orbit data and ground data for a complete understanding of CTE degradation in LEO. 
Conducting ground tests at different sample heating and cooling rates can further confirm the effect 
of variable heating or cooling rate on the CTE rate of change. This can act as guidance to consider 
the effect of heating or cooling rate on CTE for the future design of ground tests and LEO missions.  
In the current MM architecture, an 8-bit microcontroller was used on the internal PCB to 
handle the strain, temperature, UV intensity measurement and Global Navigation Satellite System 
(GNSS) operations. The mentioned operations were the limit for the 8-bit microcontroller onboard 
flash memory. Raw data for strain and temperature in hexadecimal are transmitted to the ground 
station for calculation of CTE using a separate decoder. The current capability is enough to meet 
the mission requirement for MM. However, the capability to perform onboard calculation of CTE 
will promote better efficiency in mission operations. Future work can explore the replacement of 
the current 8-bit microcontroller with a 16-bit microcontroller. The higher performance 




 EVALUATION OF 3D CF/PEEK MECHANICAL AND ABLATIVE 
PROPERTIES 
6.1 Tensile Test Results 
Tensile tests were performed to determine the effect of thermal cycle and UV radiation on 
the tensile strength and Young’s modulus of 3D CF/PEEK. Figure 6.1 shows the effect of the 
different numbers of thermal cycles and UV fluence on the average tensile strength. The tensile 
strength of the samples decreased with an increase in the number of thermal cycles. The tensile 
strength decreased as much as 8.5% after 5600 thermal cycles as compared to the base sample. 
However, a different behavior was observed for samples exposed to UV radiation. There was an 
increase in tensile strength until 30 ESD before the tensile strength decrease. The increase was as 
much as 6.7% compared to the base sample.  
 
 
Figure 6.1. Effect of variation in the number of thermal cycles and UV fluence on the tensile 
strength of 3D CF/PEEK. The tensile strength of the samples decreased with an increase in the 
number of thermal cycles. However, there was an increase in tensile strength until 30 ESD 




Figure 6.2 shows the effect of thermal cycles and UV fluence on Young’s modulus. A decrease in 
average Young’s modulus was also observed with an increase in the number of thermal cycles. 
The maximum decreased was 3.2% compared to the base sample. However, samples exposed to 
UV radiation experienced a small but gradual increase of 2.5% in the value of Young’s Modulus 
compared to the base sample. Tensile strength incurred more changes compared to Young’s 
modulus when exposed to the different numbers of thermal cycles and UV fluence. However, the 
changes to the tensile strength and Young’s modulus were not significant.   
 
 
Figure 6.2. Effect of variation in the number of thermal cycles and UV fluence on the Young’s 
Modulus of 3D CF/PEEK. A decrease in Young’s modulus was observed with an increase in the 
number of thermal cycles. However, samples exposed to UV radiation experienced a gradual 
increase in the value of Young’s Modulus compared to the base sample.  
In the space environment, the temperature can vary between -160°C to +120°C when a 
satellite passes from direct sunlight into Earth shadow [13]. This process repeats continuously 
throughout the satellite mission life and is termed as thermal cycling. Figure 6.1 and Figure 6.2 
showed that tensile strength and Young’s modulus did not change significantly after 5600 thermal 
cycles. This trend occurred because the thermal cycle can have a limited degradation effect on 




properties such as compression and coefficient of thermal expansion (CTE) [16], [63]. Tensile 
strength and Young’s modulus are dominated by the fiber properties thus are not severely affected 
by the thermal cycle [42]. The results for the thermally cycled samples were consistent with 
previous studies whereby 500 thermal cycles from approximately -150°C to +93°C did not 
significantly change tensile strength and Young’s modulus for CF/PEEK composites [24]. In that 
tensile test, samples were made of eight-ply quasi-isotropic [0,±45,90]s panels.     
Regarding UV radiation, both chain scission and crosslinking can affect the PEEK resin [41]. 
Chain scission creates weak bonds in polymers by cutting molecular chains. Crosslinking caused 
embrittlement of the polymer by limiting the movement of the molecular chain [57]. An increase 
in UV exposure duration can increase the crystallinity of the polymer [58]. Crystallization leads to 
tighter packing of the polymer chains thus resulting in stronger intermolecular bonding forces 
between the chains [2]. An increase in the percentage of crystallinity can improve the tensile 
properties of polymers in composites. Hence, as shown in Figure 6.1 the tensile strength initially 
increases until the point of 30 ESD. The initial increase in tensile strength suggests the increase in 
the crystallization of PEEK. The tensile strength subsequently decreases after 30 ESD. After 30 
ESD the degradation by chain scission is more dominant than the crystallization of PEEK resulting 
in the decrease of tensile strength. However, Figure 6.2 showed an increasing Young’s modulus 
but at a decreasing rate as the UV fluence increases to 45 ESD. The increasing trend in Young’s 
modulus suggests that PEEK became embrittled due to crosslinking. 
A comparison of the changes in mechanical properties due to UV radiation between 3D 
CF/PEEK and CF/PEEK is shown in Figure 6.3. A plain-woven type CF/PEEK was used for the 
tensile test. The samples were exposed to UV irradiation within a range of 295 to 450nm before 
being evaluated using a tensile test [82]. The applied wavelength is within the UV-A and UV-B 
wavelength. Both materials showed no significant change in Young’s modulus due to UV radiation. 
The 3D CF/PEEK sample showed a marginal increase in Young’s modulus while CF/PEEK 
showed a marginal decrease in Young’s modulus. The 3D CF/PEEK showed an increase in tensile 
strength until 30 ESD before the tensile strength decrease. On the other hand, the tensile strength 
for CF/PEEK continued to increase until 50 ESD. In the earlier discussion regarding 3D CF/PEEK, 
it was mentioned that the crystallization of PEEK caused the initial increase in tensile strength 
before decreasing due to chain scission. It is suspected that for CF/PEEK, crystallization remains 




not have enough energy to cause severe chain scission among the PEEK molecules. The energy 
possessed by UV-C is 122.6 kcal/mole compared to 96.5 kcal/mole and 81.1 kcal/mole for UV-B 
and UV-A respectively [50].  
 
 
Figure 6.3. Comparison of the effect of UV radiation on Young’s modulus and tensile strength of 
3D CF/PEEK and CF/PEEK. The 3D CF/PEEK sample showed a marginal increase in Young’s 
modulus while CF/PEEK showed a marginal decrease in Young’s modulus. The 3D CF/PEEK 
showed an increase in tensile strength until 30 ESD before the tensile strength decrease. 
However, the tensile strength for CF/PEEK continued to increase until 50 ESD. 
6.2 Arc Heating Test Results 
6.2.1 Surface and Internal Temperature Response 
Effect of Different Heat Flux 
Two samples were exposed to heat flux of 5 MW/m2 for 20s. Another two samples were 
exposed to 14.2 MW/m2 heat flux for 10s. Figure 6.4 shows the relationship between heat flux and 
maximum surface temperature. The average maximum surface temperature increased from 2634.6 




in-depth temperature-time histories between heat flux of 5 MW/m2 to 14.2 MW/m2 is shown in 
Figure 6.5. The in-depth temperature for the sample exposed to 5 MW/m2 heat flux is 
comparatively higher than the samples exposed to 14.2 MW/m2. The reason for the higher in-depth 
temperature for lower heat flux compared to higher heat flux was due to differences in heating 
duration. The samples were exposed to 14.2 MW/m2 for 10s while the heating time was 20s for 5 
MW/m2. As a result, the higher heat flux samples were not able to reach a higher temperature.    
 
 
Figure 6.4. Relationship between maximum surface temperature and heat flux. The maximum 





Figure 6.5. Comparison in time history of in-depth temperature between sample exposed to 5 
MW/m2 and 14.2 MW/m2: (a) Temperature at a depth of 5mm; (b) Temperature at a depth of 
10mm; (c) Temperature at a depth of 20mm. The higher in-depth temperature for lower heat flux 
compared to higher heat flux was due to differences in heating duration. 
Effect of Thermal Cycle and UV Radiation 
Figure 6.6 shows the time history of the surface temperature for the base, thermally cycled 
and UV irradiated samples. Initially, there was a sharp increase in temperature as shown in Figure 
6.6 (a). The initial sharp increase happened when the ablator sample entered the plasma flow. As 
heating time increases, the change in surface temperature decreases and is nearly constant. The 
temperature then decreased back to the ambient temperature of the plasma due to the sample 
exiting the plasma jet. The same overall pattern can be observed in Figure 6.6 (b). The near-
constant surface temperature might arise from the blocking action by pyrolysis gas. The product 
of the pyrolysis reaction in the PEEK resin produces gas that forms a protective layer from the hot 
stream over the char surface [116]. Moreover, when the surface temperature rose above 1500 K or 
1230 ˚C all oxygen is nearly consumed by the reaction at the surface. As a result, the reaction rate 
is limited resulting in the near-constant surface temperature [117]. Table 6.1 shows the average 




temperature and maximum surface temperature showed no significant difference between base 
sample, thermally cycled and UV irradiated samples.  
 
 
Figure 6.6. Time history of surface temperature during arc heating test: (a) Comparison between 
the base sample and thermally cycled samples; (b) comparison between the base sample and UV 
irradiated samples. There was no significant difference in the time history for surface 
temperature and maximum surface temperature between base sample, thermally cycled and UV 
irradiated samples. 
Table 6.1. The average maximum surface temperature for difference ablator samples during arc 
heating test. 
Sample Type Average Maximum Surface T (˚C) 
A (Base sample) 2640.78 
B (2800 thermal cycles) 2662.25 
C (4200 thermal cycles) 2621.75 
D (5600 thermal cycles) 2613.38 
E (15 ESD) 2588.48 
F (30 ESD) 2612.83 
G (45 ESD) 2566.44 
 
Figure 6.7 shows the maximum temperature at different distances from the heated surface for all 




approximately 5mm, 10mm and 20mm from the sample surface to measure inside temperature. 
The slight variation in thermocouple position for the same depth affected the maximum 
temperature. For the 5mm reference point, the position of the thermocouples varied between 
4.1mm to 6.6mm. The variation in position was due to error during the placement of the 
thermocouple. Thermocouples with location of 4.1mm and 4.2mm recorded higher temperatures 
between 650˚C to 1050˚C. Most of the recorded temperatures were within 300˚C to 500˚C for the 
5mm distance as shown in Figure 6.7 (a). The temperature was approximately 250 ˚C at 10mm 
before reaching 150 ˚C at 20mm from the surface. There was a small difference in maximum 
temperature between different sample types near the surface as shown in Figure 6.7 (a). The 
temperature difference gradually diminishes for 10mm and 20mm distance from the surface. 
Figure 6.7 (b) shows a detailed internal temperature around the 5mm reference point. Thermally 
cycled samples show a slightly higher maximum temperature compared to the base samples 
between 4.5mm and 6mm.  
Moreover, Figure 6.7 showed that maximum temperature as a function of distance from the 
surface is not linear but a gradual downward curve. The nature of the curve plot is due to the 
dependence of the thermal conductivity of ablator material on the density of resin [93]. The thermal 
decomposition of resin near the surface during the arc heating test resulted in a charred surface. 
The porous charred surface and near-surface area are less dense than the virgin material inside the 
ablator [118]. As a result, the thermal conductivity decreases due to the porosity and decrease in 
density [119]. Based on Figure 6.6, the maximum surface temperature was on average 
approximately 2600 ̊ C. The temperature than sharply decreased to 500 ̊ C at 5mm from the surface. 
The sharp drop can be explained by the porous region near the surface area which has low thermal 
conductivity. 
A comparison of in-depth temperature between different sample types shows a slightly 
higher trend in temperature for thermally cycled samples. The difference is mainly in the region 
between 4.5mm and 6mm as shown in Figure 6.7. The primary effect of thermal cycling is to 
induce microcrack inside the structure of a material [13]. Previous studies have shown that the 
orientation of a crack can affect the thermal conductivity of material [119], [120]. It is suspected 
that microcracks in the near-surface area affect the thermal conductivity property of the ablator 




samples and base samples is not significantly large. Therefore, exposure to the thermal cycle has 
no significant effect on the internal temperature behavior of ablator samples. 
 
Figure 6.7. Comparison of the maximum temperature at different depths for all types of 3D 
CF/PEEK samples: (a) Overall internal maximum temperature; (b) Detail internal maximum 
temperature near 5mm reference point. There was a small difference in maximum temperature 
between different sample types near the surface. However, the temperature difference gradually 
diminishes further away from the surface. Overall, the exposure to the thermal cycle and UV 
radiation has no significant effect on the internal temperature behavior of ablator samples.  
Comparison with Non-3D Printed Ablator Materials 
Figure 6.8 shows the variation in maximum surface temperature with heat flux for different 
ablator materials. The results for 3D CF/PEEK whereby surface temperature increases with an 
increase in heat flux is consistent with previous tests involving Lightweight Ablator Series for 
Transfer Vehicle System (LATS) and non 3D printed CF/PEEK hereafter referred as CF/PEEK. 
LATS is a lightweight CFRP ablator material made of carbon fiber impregnated with phenolic 




vehicle (HTV) small reentry capsule on November 27, 2018 [121]. Figure 6.9 shows that the 
surface temperature for 3D CF/PEEK, CF/PEEK and LATS were nearly identical when exposed 
to a heat flux of approximately 5.0 MW/m2. The in-depth temperature for 3D CF/PEEK is almost 
identical to CF/PEEK and lower than LATS at 20mm from the surface.  
 
 
Figure 6.8. The relationship between maximum surface temperature and heat flux for different 
ablator materials. The increase in surface temperature for 3D CF/PEEK with increasing heat flux 





Figure 6.9. Comparison of maximum surface and in-depth temperature between 3D CF/PEEK, 
LATS and CF/PEEK ablator samples for 5.0 MW/m2 heat flux: (a) Maximum surface 
temperature; (b) Maximum in-depth temperature for 20mm from surface. The surface 
temperature for 3D CF/PEEK, CF/PEEK and LATS were almost identical. However, the in-
depth temperature for 3D CF/PEEK is lower than LATS. 
6.2.2 Surface Recession Rate 
Figure 6.10 shows sample A1 before and after the heating test. The charred surface of the 
sample after the test can be seen in Figure 6.10 (b). The length of all samples increased after 
completion of the test. The length measurement was performed using a caliper. The average 
increase in length which is denoted as negative surface recession ranges between 0.60mm to 
1.80mm for all samples as shown in Figure 6.11. A comparison between base samples and 
thermally cycled showed a decrease in sample expansion as the number of thermal cycles increased. 
The same behavior was shown by samples irradiated with UV. The sample expansion decreased 
with an increase in UV fluence. However, the amount of decrease is less compared to samples 






                              (a)                                         (b)                                        (c) 
Figure 6.10. External view of ablator sample before and after arc heating test: (a) Front view of 
sample before arc heating test; (b) Front view of the sample after test; (c) Side view of the 
sample after the test.  
 
Figure 6.11. Relationship between surface recession with maximum surface temperature of 3D 
CF/PEEK. All samples showed negative surface recession due to surface expansion. Increase in 
the number of thermal cycles and UV fluence resulted in a minor decrease in surface expansion. 
Figure 6.12 shows the relationship between surface recession rate and maximum surface 







  (6.1) 
where ?̇? is the surface recession (m/s), L is the amount of surface recession (m) which is the length 
or thickness of the sample before and after heating and t is the heating duration (s). Negative values 
were observed for the surface recession rate of all samples. The negative values implied that the 
surface expanded instead of a recession. Surface recession ranges between -0.00003 and -0.00015 
m/s. The surface recession rate decreased with an increase in surface temperature due to increased 
heat flux. In other words, the surface expansion rate increased with increased surface temperature. 
The surface recession rate for the thermally cycled sample and UV irradiated sample vary near the 
base sample with an increase in surface temperature.  
 
 
Figure 6.12. The relationship between maximum surface temperature and surface recession rate 
of 3D CF/PEEK. All samples showed negative surface recession rate due to surface expansion. 
The surface expansion rate increased with an increase in heat flux. There was no significant 
effect from UV radiation and the thermal cycle on the surface recession rate. 
Table 6.2 shows the average surface recession for different 3D CF/PEEK samples. The base 
sample has the lowest surface recession rate while the thermally cycled sample has the highest 




in the number of thermal cycles. The surface recession rate was near-constant with a small increase 
in samples irradiated with 45ESD. The mentioned results implied a marginally lower surface 
expansion rate for thermally cycled samples compared to base samples. However, the surface 
expansion rate for UV radiated samples was almost identical to base samples. Based on the 
previous observations, it can be concluded that the thermal cycle and UV radiation have a minor 
impact on the surface recession rate properties of 3D CF/PEEK ablator in LEO. 
Table 6.2. The average surface recession for difference ablator samples after arc heating test. 
Sample Type Average Surface Recession Rate (m/s) 
A (Base sample) -0.000071 
B (2800 thermal cycles) -0.000064 
C (4200 thermal cycles) -0.000050 
D (5600 thermal cycles) -0.000035 
E (15 ESD) -0.000066 
F (30 ESD) -0.000066 
G (45 ESD) -0.000052 
 
Various processes happened during the ablation of a heat shield as discussed in Section 4.1. 
The primary recession mechanism is through the thermochemical process [122]. However, the 
process of delamination also occurred during the ablation of 3D CF/PEEK in addition to the 
thermochemical reaction. Figure 6.13 shows the side view of the base, thermally cycled and UV 
irradiated samples after arc heating test. The pyrolysis reaction of the PEEK resin released 
pyrolysis gas which creates pressure in the out-of-plane direction inside the sample structure. 
Delamination occurs when the pressure due to the pyrolysis gas exceeds the interlaminar strength. 
In a previous study, pressure from pyrolysis gas was identified as the cause of delamination in 
CFRP ablators [123]. Therefore, during the ablation of 3D CF/PEEK the thermochemical process 
caused surface recession while the delamination and material expansion cause surface expansion. 
Therefore, it is suspected that the surface recession rate is less than the surface expansion rate 
resulting in surface expansion being the dominant process during the ablation of 3D CF/PEEK. As 
a result, the surface of 3D CF/PEEK samples expanded as shown in Figure 6.11. The lower surface 










Figure 6.13. Side view of ablator sample used in arc heating test: (a) Base sample before the test; 
(b) base sample after test; (c) thermally cycled sample; (d) UV irradiated sample.  
Figure 6.11 showed that an increase in the amount of thermal cycle caused the amount of 
surface expansion to be decreased. Samples exposed to 5600 thermal cycles equivalent to one year 
showed a marginally lower surface expansion rate compared to base samples. Thermal cycles can 
affect the CTE of a sample due to the advent of microcracks within the sample structure. It is 
suspected that the CTE value decreases when the number of thermal cycles increased. The reason 
is that the damage to the matrix by microcracking caused the CTE to be dominated by the fiber 
thus decreasing the CTE value. Studies have shown that fiber has a lower CTE compared to the 
matrix [43]. Moreover, another study showed that pores at the interface between consequently 
deposited layers in a 3D printed CF/PEEK can lead to multiple crack formation. The cracks can 
affect the CTE value compared to CF/PEEK [124]. Therefore, it is suspected that the decrease in 
CTE value restricts the surface from expanding thus decreasing the surface expansion rate. 
An increase in the length of sample or surface expansion was observed in all 3D CF/PEEK 
samples after the arc heating test. Previous tests using CF/PEEK showed the same behavior. In 
contrast, previous tests involving the LATS ablator showed surface recession or decreased in the 




CF/PEEK, CF/PEEK and LATS ablator materials is shown in Figure 6.14. The surface expansion 
is represented by a negative surface recession in Figure 6.14. 
 
 
Figure 6.14. Comparison of surface recession between 3D CF/PEEK, CF/PEEK and LATS. The 
negative surface recession denotes a surface expansion. Surface expansion was observed in all 
3D CF/PEEK and CF/PEEK samples. In contrast, LATS samples showed surface recession.  
A comparison of surface recession rate also showed the same behavior as the surface recession as 
shown in Figure 6.15. The surface recession rate for 3D CF/PEEK and CF/PEEK shows a negative 
value implying that the surface expanded. However, the surface recession rate for LATS showed 






Figure 6.15. Comparison of surface recession rate between 3D CF/PEEK, CF/PEEK and LATS. 
The negative surface recession rate denotes a surface expansion rate. Negative surface recession 
rate was observed in all 3D CF/PEEK and CF/PEEK samples. In contrast, LATS samples 
showed positive surface recession rate. 
Activation energy can be calculated using Equation (6.2) [126]. The same equation is used 
to calculate the mass-loss rate, ?̇?𝑅 (kg/m2/s) in the rate-controlled oxidation region [126]. 
?̇?𝑅 = 𝑘0√𝑋0𝑃𝑒𝑒
−𝐸 𝑅𝑇𝑊⁄  (6.2) 
where ?̇?𝑅 is the mass loss rate (kg/m2/s), k0 is collision frequency (𝑘𝑔 𝑠 ∙ 𝑚2 ∙ 𝑃𝑎1 2⁄⁄ ), X0 is the 
mole fraction of oxygen in the air (0.21), Pe is the stagnation pressure (Pa), E is the activation 
energy (J/mol), R is the universal gas constant (8.318 J/mol/K) and TW is wall temperature (K). 




+ ln (𝑘0√𝑋0𝑃𝑒) (6.3) 
Figure 6.16 shows the relationship between the logarithmic mass loss rate and the reciprocal of the 
surface temperature for all types of samples. Based on Figure 6.16, the slope or E/R for 3D 
CF/PEEK is 15319 K. The slope value was multiplied with the R-value to obtain the activation 
energy of 127.4 kJ/mol. The E value for 3D CF/PEEK is about 10% more compared to 115.6 




phenolic resin which is 83.3 kJ/mol [127]. Therefore, the higher E value for 3D CF/PEEK 
compared to CFRP ablators caused the lower surface recession rate. The minor difference between 
the activation energy of 3D CF/PEEK and CF/PEEK is due to the resin content. The activation 
energy is dependent on resin content [93]. The CF/PEEK used in the previous heating test has a 
resin content of 63% compared to 44% for the 3D CF/PEEK. The collision frequency is then 
calculated by substituting the surface mass loss rate of 3D CF/PEEK, the material surface 
temperature, the stagnation pressure measured during the test and the activation energy of 3D 
CF/PEEK into Equation (6.2). The average collision frequency based on measured experimental 
values was 0.331 kg s ∙ m2 ∙ Pa1 2⁄⁄ . 
 
 
Figure 6.16. The relationship between reciprocal of surface temperature and the logarithm of 
mass loss rate of 3D CF/PEEK and CF/PEEK. Activation energy is derived from the slope of the 
figure. The activation energy for 3D CF/PEEK is higher compared to CF/PEEK and CFRP 
ablator resulting in a lower surface recession rate. 
Figure 6.17 shows the relation between the reciprocal of surface temperature and the 
logarithm of mass loss rate of 3D CF/PEEK unexposed and exposed samples to thermal cycle and 
UV radiation. The data points for thermally cycled and UV radiated samples are insufficient to 




proximity of data points between thermally cycled and UV radiation samples and base samples 
might indicate a small difference in activation energy.  
 
 
Figure 6.17. Comparison in the relation between reciprocal of surface temperature and the 
logarithm of mass loss rate of 3D CF/PEEK unexposed and exposed samples to thermal cycle 
and UV radiation. The proximity of data points between all samples might indicate a small 
difference in activation energy. 
6.2.3 Mass Loss Rate 
The degradation mode during ablation depends on the surface temperature [128]. Figure 6.4 
shows that surface temperature was predominantly around 2600 ˚C for the 5MW/m2 heat flux. 
Coupled with a modest heating rate of 5 MW/m2, the surface ablation was by the diffusion-
controlled oxidation mode. The mass-loss rate in diffusion-controlled oxidation mode is governed 
by Equation (6.4) [93]. 
?̇?𝐷 = 𝐶0√𝑃𝑒 𝑅𝐵⁄  (6.4) 
where ?̇?𝐷 is the mass loss rate (kg/m2/s), C0 is the diffusion-controlled mass-transfer constant 
(𝑘𝑔 𝑚3 2⁄ ∙ 𝑠 ∙ 𝑃𝑎1 2⁄⁄ ), Pe is the stagnation pressure (Pa) and RB is the radius of the sample (m). 




multiplying the sample diameter by 2.463. The mass-loss rate can also be calculated based on 





where ?̇? is the mass loss rate (kg/m2/s), mf is the sample mass after heating (kg), mi is the initial 
sample mass before heating (kg), t is the heating duration (s) and A is the frontal area of the sample 
(m2). In this experiment, the frontal area of the sample is equivalent to the area of a circle. Figure 
6.18 shows the mass-loss rate to surface temperature for all samples. The mass loss rate increased 
with an increase in surface temperature due to an increase in heat flux. Samples exposed to 45 
ESD of UV radiation showed the highest difference in mass loss rate compared to base samples. 
The other samples showed a mass loss rate ranging between 0.095 and 0.12 kg/m2/s. There is no 
significant difference between all samples except for the samples exposed to higher heat flux.  
 
 
Figure 6.18. The relationship between mass-loss rate and maximum surface temperature of 3D 
CF/PEEK. The mass loss rate increased with an increase in surface temperature. However, there 
is no significant change in mass loss rate except for samples exposed to higher heat flux. 
Based on the mass-loss rate calculated using Equation (6.5), the C0 was obtained using the 




C0 value affects the maximum value of the mass-loss rate. Figure 6.19 shows the relationship 
between the mass-loss rate of 3D CF/PEEK and √𝑃𝑒 𝑅𝐵⁄  based on measured data. The slope in 
Figure 6.19 or C0 value of 3D CF/PEEK is 1.996 × 10-4 (𝑘𝑔 𝑚3 2⁄ ∙ 𝑠 ∙ 𝑃𝑎1 2⁄⁄ ). and is lower than 
the C0 value for CF/PEEK. An increase in C0 meant an increase in the mass loss rate [93]. Therefore, 
3D CF/PEEK has a lower mass-loss rate compared to CF/PEEK.  
 Figure 6.20 shows a comparison in the relationship between mass-loss rate and maximum 
surface temperature for 3D CF/PEEK, CF/PEEK and LATS. Based on Figure 6.20, 3D CF/PEEK 
has the lowest mass loss rate comparative to CF/PEEK and LATS. The lower mass-loss rate of 3D 
CF/PEEK can be attributed to the higher activation energy compared to LATS and CF/PEEK. The 
small difference in mass loss rate between 3D CF/PEEK and CF/PEEK is attributed to higher 
activation energy and lower C0 value in 3D CF/PEEK compared to CF/PEEK. In conclusion, the 
higher activation energy caused 3D CF/PEEK to be less susceptible to surface recession and mass 
loss but more affected by surface expansion due to delamination and thermal expansion. 
 
 
Figure 6.19. The relationship between the mass-loss rate and √𝑃𝑒 𝑅𝐵⁄  of 3D CF/PEEK and 




figure. The C0 for 3D CF/PEEK is higher compared to CF/PEEK and CFRP ablator resulting in a 
lower mass-loss rate. 
 
Figure 6.20. The relationship between mass-loss rate and mass loss rate of 3D CF/PEEK, 
CF/PEEK and LATS. 3D CF/PEEK has the lowest mass loss rate compared to the other two 
materials. 
Figure 6.21 shows the relation between the mass loss rate and √𝑃𝑒 𝑅𝐵⁄  of 3D CF/PEEK 
unexposed and exposed samples to thermal cycle and UV radiation. As with Figure 6.17, there are 
insufficient data points to identify the effect of the thermal cycle and UV radiation on the diffusion-
controlled mass-transfer constant. However, the mass loss rate is not significantly changed 
between base samples and the thermally cycled and UV radiated samples as shown in Figure 6.18. 
Therefore, it is predicted that the diffusion-controlled mass-transfer constant remains near identical 





Figure 6.21. The relation between mass loss rate and √𝑃𝑒 𝑅𝐵⁄  of 3D CF/PEEK unexposed and 
exposed samples to thermal cycle and UV radiation. The proximity of data points between all 
samples might indicate a small difference in C0. 
6.2.4 Future Works 
Previously discussed results concerning the effect of thermal cycle and UV radiation were 
limited to surface recession rate, surface temperature and in-depth temperature behavior. The next 
step will be to determine the effect of the thermal cycle and UV radiation on the activation energy 
and diffusion-controlled mass-transfer constant. Both parameters can affect the surface recession 
rate and mass loss rate [93]. Arc heating test conducted in a wider range of heat flux and heating 
duration using thermally cycled and UV irradiated samples can facilitate study on the effects of 
thermal cycle and UV radiation on the mentioned parameters. 
Accurate prediction of the recession and temperature behavior of 3D CF/PEEK material 
during the reentry environment is necessary for the design of the heat shield. Previously, various 
ablation analysis codes mainly one-dimensional ablation simulation code were developed to cater 
for high density and low-density CFRP based ablator materials [99], [129]. However, the 
suitability of the existing ablation codes has not yet been confirmed for 3D CF/PEEK. To improve 




1. Execution of further arc heating test using different heat flux and heating duration 
which amongst others can confirm the surface expansion behavior in different heating 
environments. 
2. Determination of the density relation between virgin layer and char layer of 3D 
CF/PEEK. 




























 CONCLUSIONS AND FUTURE WORK 
PMC has seen increased usage in the space industry for manufacturing rocket and satellite 
structures due to high specific strength, high stiffness and low CTE [1]. PMC can be divided into 
CFRP that uses thermoset polymer and CFRTP which uses thermoplastic polymer. Currently, the 
manufacturing of aerospace parts using CFRP is more common compared to CFRTP [3], [4]. 
However, CFRP has inherent issues compared to CFRTP as listed below: 
1. Thermoset resin is required to be stored in a refrigerator [5].  
2. CFRP processing requires a long curing time [3]. 
3. Manufacturing of CFRP requires large equipment [4].  
In contrast, a thermoplastic resin in CFRTP does not have the mentioned issues. Despite that, 
the application of CFRTP in the space industry is still new and limited. Data on the durability of 
CFRTP in the space environment is limited. Thus, the behavior of CFRTP in the space 
environment needs further investigation.  One behavior of interest is the dimensional stability of 
CFRTP in space.  
In the future, the properties of CFRTP allow in-space manufacturing of CFRTP parts using 
a 3D printer with locally produced CFRTP [17]–[19]. In-orbit repair can be essential for the safety 
of human spaceflight. Application of 3D printed CFRTP parts to repair heat shield in-orbit can 
prevent accidents such as the space shuttle Columbia accident. Additionally, 3D printing 
technology allows more flexibility and efficiency in spacecraft design. However, it is important to 
understand the effect of the space environment on 3D printed CFRTP structures. Furthermore, it 
is of importance to also study the effect of the reentry environment on 3D printed CFRTP.  
CF/PEEK composite is an ideal material for use as a spacecraft material and 3D printed 
CFRTP. CF/PEEK possesses many properties that make it durable for space use [13], [23]–[25]. 
The LEO environment exposes spacecraft to factors that can degrade the dimensional 
stability of the structure. The advent of high-performance CF/PEEK may limit changes in 
dimensional stability. However, there are limited in-orbit data on the performance of CF/PEEK. 
Factors contributing to the limitations include limited access to space, limited sample retrieval 
options and difficulty in simulating actual space environment for the ground test. The emerging 
small satellite market provides a promising material science research platform to address the 




in situ measurements of CTE for CF/PEEK samples in LEO. MM is one of the payloads onboard 
the Ten-Koh satellite. Strain gauges and temperature sensors were used to provide strain and 
temperature measurements. The data could then be transmitted to the ground station for the 
calculation of CTE.  
Ground validation tests were performed to validate the design of MM. Analysis of the ground 
test data has shown the feasibility of the MM CTE measurement system. In terms of in-orbit data, 
the acquired temperature data were within the measurement range of the solar panel temperature 
sensors. The CTE data exhibit a non-linear temperature dependence and varies between each 
sample. Strain gauge misalignment has been identified as the reason for the marginal difference 
between each sample. A comparison of in-orbit data with ground tests revealed minor differences 
in CTE value over a range of temperatures. This was due to differences in the sample heating and 
cooling rate and strain gauge misalignment with respect to the fiber direction. Analysis of CTE 
data over four months was performed before a loss of communication with Ten-Koh after four and 
a half months. Over four months, there was no shift in CTE values. The acquired in-orbit data was 
shown to be consistent with previous ground tests and in-orbit data from the NASA LDEF mission. 
The MM experiment has demonstrated the ability to fill in the gaps between available ground test 
and in-orbit data regarding CF/PEEK dimensional stability performance in LEO. MM also proved 
the potential of a small satellite as a platform for conducting meaningful material science 
experiments. Overall, the MM experiment showed that the dimensional stability of the CF/PEEK 
does not significantly degrade in the space environment. 
Subsequently, a new heat shield material made of 3D printed CF/PEEK was evaluated using 
tensile and arc heating test. Tensile strength and Young’s modulus did not significantly change 
after exposure to an increasing number of thermal cycles and UV fluence. The length of the 
samples increased, or the surface expanded during the heating test resulting in a negative surface 
recession rate. The increased surface temperature increased the mass-loss rate. The surface 
expansion rate was more than the surface recession rate resulting in an expanded surface. The 
lower surface recession rate was due to a higher activation energy for 3D CF/PEEK compared to 
CFRP based ablator such as LATS. The activation energy for 3D CF/PEEK was marginally higher 
than CF/PEEK due to difference in resin content. Moreover, 3D CF/PEEK has the lowest mass 
loss rate compared to LATS and CF/PEEK is attributed to a higher activation energy. Therefore, 




but is more affected by surface expansion due to delamination and material expansion. The surface 
expansion decreased when the number of thermal cycles increased. Moreover, the surface 
expansion rate for samples exposed to the thermal cycle was marginally lower than other samples. 
It is suspected that a decrease in CTE due to microcracks value restricts surface expansion thus 
decreasing surface expansion rate. However, the mass-loss rate was almost identical for base 
samples and samples exposed to the thermal cycle and UV radiation. The increased surface 
temperature of 3D CF/PEEK due to increasing heat flux was consistent with LATS and CF/PEEK. 
Exposure to similar heat flux yielded an almost identical surface temperature between 3D 
CF/PEEK, CF/PEEK and LATS. In-depth temperature for 3D CF/PEEK was almost identical to 
CF/PEEK but lower than LATS when exposed to similar heat flux. Samples exposed to the thermal 
cycle exhibited a marginally higher temperature in the near-surface region compared to other 
samples. However, the temperature difference between base samples and samples exposed to the 
thermal cycle and UV radiation gradually diminishes with an increase in depth.  
Overall, the thermal cycle and UV radiation have no significant effect on the surface and in-
depth temperature, surface recession rate and mass loss rate of 3D CF/PEEK samples. The new 
3D CF/PEEK material has demonstrated excellent recession resistance while maintaining 
mechanical properties when exposed to high temperature, thermal cycle and UV radiation. 
Consequently, 3D CF/PEEK can be considered as a viable heat shield material for the reentry 
flight. 
Future Work 
Regarding the material mission, further ground tests to expose the CF/PEEK samples to a 
different number of thermal cycles, fluence levels of atomic oxygen and UV radiation and different 
sample heating and cooling rates are recommended. This will provide a correlation between in-
orbit data and ground data for a complete understanding of CTE degradation in LEO.  Additionally, 
future enhancements can consider the replacement of the current 8-bit microcontroller with a 16-
bit microcontroller. The higher performance microcontroller allows onboard CTE calculation in 
addition to handling other payload operations. 
Regarding the 3D CF/PEEK ablator material, the next step will be to perform additional arc 
heating test to determine the effect of the thermal cycle and UV radiation on the activation energy 




rate and mass loss rate [93]. Moreover, improvements on the existing ablation codes to cater to 3D 
CF/PEEK can facilitate better prediction of the recession and temperature behavior of 3D 
CF/PEEK material during the reentry environment. This is necessary for the design of a heat shield 
using 3D CF/PEEK. Therefore, further ground tests including arc heating tests are recommended 
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